

[image: image]





FRONTIERS EBOOK COPYRIGHT STATEMENT

The copyright in the text of individual articles in this ebook is the property of their respective authors or their respective institutions or funders. The copyright in graphics and images within each article may be subject to copyright of other parties. In both cases this is subject to a license granted to Frontiers. 

The compilation of articles constituting this ebook is the property of Frontiers. 

Each article within this ebook, and the ebook itself, are published under the most recent version of the Creative Commons CC-BY licence. The version current at the date of publication of this ebook is CC-BY 4.0. If the CC-BY licence is updated, the licence granted by Frontiers is automatically updated to the new version. 

When exercising any right under the CC-BY licence, Frontiers must be attributed as the original publisher of the article or ebook, as applicable. 

Authors have the responsibility of ensuring that any graphics or other materials which are the property of others may be included in the CC-BY licence, but this should be checked before relying on the CC-BY licence to reproduce those materials. Any copyright notices relating to those materials must be complied with. 

Copyright and source acknowledgement notices may not be removed and must be displayed in any copy, derivative work or partial copy which includes the elements in question. 

All copyright, and all rights therein, are protected by national and international copyright laws. The above represents a summary only. For further information please read Frontiers’ Conditions for Website Use and Copyright Statement, and the applicable CC-BY licence.



ISSN 1664-8714
ISBN 978-2-83251-847-2
DOI 10.3389/978-2-83251-847-2

About Frontiers

Frontiers is more than just an open access publisher of scholarly articles: it is a pioneering approach to the world of academia, radically improving the way scholarly research is managed. The grand vision of Frontiers is a world where all people have an equal opportunity to seek, share and generate knowledge. Frontiers provides immediate and permanent online open access to all its publications, but this alone is not enough to realize our grand goals.

Frontiers journal series

The Frontiers journal series is a multi-tier and interdisciplinary set of open-access, online journals, promising a paradigm shift from the current review, selection and dissemination processes in academic publishing. All Frontiers journals are driven by researchers for researchers; therefore, they constitute a service to the scholarly community. At the same time, the Frontiers journal series operates on a revolutionary invention, the tiered publishing system, initially addressing specific communities of scholars, and gradually climbing up to broader public understanding, thus serving the interests of the lay society, too.

Dedication to quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely collaborative interactions between authors and review editors, who include some of the world’s best academicians. Research must be certified by peers before entering a stream of knowledge that may eventually reach the public - and shape society; therefore, Frontiers only applies the most rigorous and unbiased reviews. Frontiers revolutionizes research publishing by freely delivering the most outstanding research, evaluated with no bias from both the academic and social point of view. By applying the most advanced information technologies, Frontiers is catapulting scholarly publishing into a new generation.

What are Frontiers Research Topics? 

Frontiers Research Topics are very popular trademarks of the Frontiers journals series: they are collections of at least ten articles, all centered on a particular subject. With their unique mix of varied contributions from Original Research to Review Articles, Frontiers Research Topics unify the most influential researchers, the latest key findings and historical advances in a hot research area.


Find out more on how to host your own Frontiers Research Topic or contribute to one as an author by contacting the Frontiers editorial office: frontiersin.org/about/contact





Advanced catalytic materials and technologies in biomass conversion

Topic editors

Xianxiang Liu – Hunan Normal University, China

Pau Loke Show – University of Nottingham Malaysia Campus, Malaysia

Haian Xia – Nanjing Forestry University, China

Jun Yue – University of Groningen, Netherlands

Citation

Liu, X., Show, P. L., Xia, H., Yue, J., eds. (2023). Advanced catalytic materials and technologies in biomass conversion. Lausanne: Frontiers Media SA. doi: 10.3389/978-2-83251-847-2





Table of Contents




Production of the 2,5-Furandicarboxylic Acid Bio-Monomer From 5-Hydroxymethylfurfural Over a Molybdenum-Vanadium Oxide Catalyst

Jian Liu, Sha Wen, Fei Wang, Xiaoting Zhu, Zhijuan Zeng and Dulin Yin

Reductive Upgrading of Biomass-Based Levulinic Acid to γ-Valerolactone Over Ru-Based Single-Atom Catalysts

Ye Meng, Yumei Jian, Dandan Chen, Jinshu Huang, Heng Zhang and Hu Li

Recent Biotechnology Advances in Bio-Conversion of Lignin to Lipids by Bacterial Cultures

Huan Wang, Xiaodong Peng, Hu Li, Apostolos Giannis and Chao He

Selective Hydrogenation of 5-Hydroxymethylfurfural to 2,5-Dimethylfuran Over Popcorn-Like Nitrogen-Doped Carbon-Confined CuCo Bimetallic Catalyst

Peng Hao, Jianliang Zuo, Wurong Tong, Jing Lin, Qiying Wang and Zili Liu

Hydrogenolysis of 5-Hydroxymethylfurfural to 2,5-Dimethylfuran Over a Modified CoAl-Hydrotalcite Catalyst

Jing Xia, De Gao, Feng Han, Ruifu Lv, Geoffrey I. N. Waterhouse and Yan Li

Titania Nanotubes-Bonded Sulfamic Acid as an Efficient Heterogeneous Catalyst for the Synthesis of n-Butyl Levulinate

Shuolin Zhou, Min Lei, Junzhuo Bai, Xianxiang Liu, Lu Wu, Min Long, Keying Huang and Dulin Yin

Recent Advances in the Catalytic Conversion of Biomass to Furfural in Deep Eutectic Solvents

Xu Zhang, Peng Zhu, Qinfang Li and Haian Xia

Recent Advances in the Catalytic Hydroconversion of 5-Hydroxymethylfurfural to Valuable Diols

Zexing Huang, Jianhua Wang, Jing Lei, Wenguang Zhao, Hao Chen, Yongjun Yang, Qiong Xu and Xianxiang Liu

Unsupported MoS2-Based Catalysts for Bio-Oil Hydrodeoxygenation: Recent Advances and Future Perspectives

Jing Cao, Youming Zhang, Li Wang, Cen Zhang and Congshan Zhou

Preparation of Activated Carbon-Based Solid Sulfonic Acid and Its Catalytic Performance in Biodiesel Preparation

Yuanzheng Pi, Wenzhu Liu, Jiani Wang, Guanmin Peng, Dabo Jiang, Ruike Guo and Dulin Yin

Imidazolized Activated Carbon Anchoring Phosphotungstic Acid as a Recyclable Catalyst for Oxidation of Alcohols With Aqueous Hydrogen Peroxide

Min Zheng, Huiting He, Xiangzhou Li and Dulin Yin

Recent advances on bifunctional catalysts for one-pot conversion of furfural to γ-valerolactone

Jianhua Wang, Zhiyan Xiang, Zexing Huang, Qiong Xu and Dulin Yin

Catalytic hydrogenolysis of lignin to phenolic monomers over Ru supported N,S-co-doped biochar: The importance of doping atmosphere

Wenran Gao, Ke Wang, Yishuang Wu, Xun Zhu, Yinlong Wu, Shoujun Zhang, Bin Li, Yong Huang, Shu Zhang and Hong Zhang



		ORIGINAL RESEARCH
published: 14 March 2022
doi: 10.3389/fchem.2022.853112


[image: image2]
Production of the 2,5-Furandicarboxylic Acid Bio-Monomer From 5-Hydroxymethylfurfural Over a Molybdenum-Vanadium Oxide Catalyst
Jian Liu, Sha Wen, Fei Wang, Xiaoting Zhu, Zhijuan Zeng and Dulin Yin*
National and Local Joint Engineering Laboratory for New Petro-chemical Materials and Fine Utilization of Resources, Key Laboratory of the Assembly and Application of Organic Functional Molecules of Hunan Province, Hunan Normal University, Changsha, China
Edited by:
Haian Xia, Nanjing Forestry University, China
Reviewed by:
Zhi Gao, East China University of Technology, China
Mei Hong, Nanjing Forestry University, China
* Correspondence: Dulin Yin, dulinyin@126.com
Specialty section: This article was submitted to Catalysis and Photocatalysis, a section of the journal Frontiers in Chemistry
Received: 12 January 2022
Accepted: 17 February 2022
Published: 14 March 2022
Citation: Liu J, Wen S, Wang F, Zhu X, Zeng Z and Yin D (2022) Production of the 2,5-Furandicarboxylic Acid Bio-Monomer From 5-Hydroxymethylfurfural Over a Molybdenum-Vanadium Oxide Catalyst. Front. Chem. 10:853112. doi: 10.3389/fchem.2022.853112

2, 5-Furandicarboxylic acid (FDCA) is an important bio-monomer that can potentially replace terephthalic acid to synthesize degradable polyesters. Efficient selective oxidation of biomass-based 5-hydroxymethylfurfural (HMF) to FDCA has been a significant but challenging work in the past decades. In this study, a novel molybdenum-vanadium oxide (Mo-V-O) catalyst was prepared by a simple method and showed excellent catalytic activity for converting HMF to FDCA. A high FDCA selectivity of 94.5 and 98.2% conversion of HMF were achieved under the optimal conditions with tert-butyl hydroperoxide as the oxidant. FT-IR, SEM, XRD and TG were applied to investigate the properties of Mo-V-O catalyst. After fitting experimental data with the first-order kinetics equation, the evaluated apparent activation energies of HMF oxidation were obtained. The experimental design and study were carried out by response surface methodology (RSM) to test the effects of reaction conditions on the catalytic process.
Keywords: biomass, 5-hydroxymethylfurfural, 2, 5-furandicarboxylic acid, selective oxidation, no-noble metal catalyst
1 INTRODUCTION
Owing to the exhaustion of fossil resources and the aggravation of environmental problems, many efforts have been made to exploit sustainable and environmentally friendly alternatives (Gao et al., 2018; Pal and Saravanamurugan, 2020). As such, the excavation of renewable resources that can be used to produce extensive commodity chemicals is of great significance (Zhao et al., 2020). In this context, biomass is the most abundant renewable resource, and is considered a potential material for industrial production (Guo et al., 2020). Hence, the exploitation of biomass represents a significant step towards the goal of sustainable development of natural resources (Lin et al., 2021). In addition, through their depolymerization, biopolymers derived from biomass can be further converted into high-value-added platform chemical compounds for use in subsequent applications.
5-Hydroxymethylfurfural (HMF) which originates from cellulose or cellulose-derived carbohydrates, has been identified as a platform compound that can be intensively processed into 2,5-diformylfuran (DFF), 5-hydroxymethyl-2-furancarboxylic acid (HFCA), 5-formyl-2-furancarboxylic acid (FFCA), and 2,5-furandicarboxylic acid (FDCA) (Pal and Saravanamurugan, 2020; Hong et al., 2019a; Hong et al., 2019b). More specifically, the oxidative transformations of HMF are key routes toward a wide variety of chemicals and biofuels (Gao et al., 2020; Hong et al., 2021). In particular, FDCA, which is derived from the successive oxidation of HMF, is a substitute for petroleum-derived terephthalic acid, which can be employed in the preparation of polyethylene furanoate (PEF) to ultimately alleviate the shortage of resources and relieve environmental stress (Tirsoaga et al., 2020).
The most common preparation of FDCA is carried out under basic conditions, which complicates downstream separation, increases the number of added reagents, and generates inorganic salts (Hayashi et al., 2019). Therefore, the development of a basic-free system is considered of particular importance. Furthermore, the high costs of noble metals renders these catalysts less attractive, and hinders scale-up industrialization (Zhou et al., 2018). Alternatively, the advantages of transition metals are well known; however, vanadium, which is commonly used in the oxidation of HMF, undergoes a loss of its active components during the reaction, and so tends to be employed in combination with other elements. (Navarro et al., 2009; Rodikova and Zhizhina, 2020). In this context, Zhao et al. synthesized a catalyst based on vanadium dioxide (VO2)-embedded mesoporous carbon spheres (V-CS) using a facile hydrothermal method, which produced DFF in a yield of 99.0% (Zhao et al., 2018). In addition, Lai et al. prepared a new type of magnetic vanadium-based catalyst, namely NH4·V3O8/Fe3O4 (M-V-O), which gave a 95.5% conversion of HMF and a 82.9% selectivity toward DFF (Lai et al., 2020). More recently, Wang et al. used a novel crystalline Mo-V-O oxide as a heterogeneous catalyst in the liquid phase with molecular oxygen for the selective oxidation of alcohols (Wang and Ueda, 2009), while Rasteiro et al. investigated the one-step oxydehydration of glycerol to acrylic acid over molybdenum and vanadium mixed oxides, achieving a selectivity of 33.5% towards acrylic acid and a 100% conversion of glycerol (Rasteiro et al., 2017). Therefore, Mo-V-O, which contains non-noble metals, appears to be suitable for use as a catalyst for the oxidation of HMF to FDCA without the requirement for a base.
Thus, we herein report the development of a simple and feasible method for preparing a catalyst for the oxidation of HMF to FDCA in the absence of base. During this study, a range of reaction parameters, such as the temperature, reaction time, HMF/TBHP molar ratio, and catalyst amount, are examined and optimized. A series of characterization methods are then applied to investigate the catalyst, and a kinetic study and response surface methodology (RSM) are also carried out.
2 MATERIALS AND METHODS
2.1 Materials
5-Hydroxymethylfurfural (97.0%) and tert-butyl hydroperoxide (TBHP) (70.0%) were purchased from Shanghai Macklin Biochemical Co., Ltd (Shanghai, China). 2,5-Dimethylfuran (≥98.0%) was purchased from Shanghai D&B Biological Science and Technology Co., Ltd (Shanghai, China) (NH4)6Mo7O24·4H2O, C6H8O7·H2O, and tert-butanol (TBA) (≥99.0%) were purchased from Sinopharm Chemical Reagent Co., Ltd (Shanghai, China). NH4VO3 (≥99.0%) was purchased from Tianjin Guangfu Technology Development Co., Ltd (Tianjin, China). V2O5 was purchased from Tianjin Guangfu Technology Development Co., Ltd. MoO3 was purchased from Tianjin Guangfu Technology Development Co., Ltd.
2.2 Catalyst Preparation
Mo-V-O was synthesized according to the following procedure (NH4)6Mo7O24·4H2O (0.003 mol) and NH4VO3 (0.018 mol) were mixed in deionized water (50 ml) and heated for 30 min at 80°C. Subsequently, C6H8O7·H2O was slowly added and after stirring for 12 h, the reaction mixture was dried for 12 h in an oven. The mixture was then ground and calcined at 500°C in a muffle furnace for 5 h. The prepared samples are denoted as Mo-V-O.
2.3 Characterization
The synthesized samples were characterized using Fourier transform infrared spectroscopy (FT-IR). The spectra of the catalysts were collected using the KBr pellet technique on a Nicolet 370 (Thermo Nicolet, American) infrared spectrophotometer in the wavenumber range of 400–4,000 cm−1. Thermogravimetry-differential thermal analysis (TG-DTG, Germany) curves were recorded under a N2 flow on a Netzsch Model STA 409 PC instrument (Mark, American) using α-Al2O3 as the standard material. Data were recorded from room temperature to 800°C at a heating rate of 10°C/min. X-ray diffraction (XRD) studies were performed using a Bruker diffractometer with Cu Kα radiation to survey the crystal structure over a 2θ range of 10–80°. Scanning electron microscopy (SEM) images were collected using a Zeiss Sigma 300 microscope (Carl Zeiss, Germany).
2.4 The Oxidation of HMF
HMF (0.5 mmol) was dissolved in 5 ml TBA while Mo-V-O (30 mg) was added. In the case of adding oxidant TBHP (5 mmol), the reaction carried out at 80 °C in round-bottom flask. The reactor was cooled to room temperature. The reaction mixture was analyzed by Agilent 1260 HPLC system, equipped with Venusil XBP C18 chromatographic column (4.6 × 250 mm, 5 μm, Phenomenex, United States) and a UV–Vis (280 nm) detector was used to analysis product. The quantification was carried out using the external standard method. The mobile phase was constituted of acetic acid solution (0.1 wt%) and acetonitrile in a volume ratio of 95: 5, and the samples were identified at a rate of 0.7 ml/min at 30°C. The equations were as follows:
HMF conversion (%)=(1- moles of HMF/moles of HMF added) × 100
FDCA selectivity (%) = moles of FDCA/(moles of HMF added - moles of HMF) ×100
3 RESULTS AND DISCUSSION
3.1 Catalyst Characterization
3.1.1 Infrared Spectra of Mo-V-O
The FTIR spectra of the samples are shown in Figure 1, where the broad peak at 3,440 cm−1 corresponds to the H-OH bending vibration of physically adsorbed water. In addition, the characteristic peaks of V2O5 at 1,016 and 806 cm−1 originate from the symmetric stretching vibrations of V-O and V=O, while the peaks at 620 and 466 cm−1 could be attributed to the symmetric stretching vibration and asymmetric stretching vibration of V-O-V, respectively (Zhang et al., 2016). Furthermore, strong peaks at 995, 871, and 574 cm−1 can also be seen in the FT-IR spectra, which could be associated with MoO3, wherein the peak at 943 cm−1 arises from Mo-O-V, thereby confirming the formation of Mo-V-O (Guan et al., 2008).
[image: Figure 1]FIGURE 1 | FT-IR spectra of the samples: (A) V2O5, (B) MoO3, and (C) Mo-V-O.
3.1.2 XRD Patterns of Mo-V-O Containing Various Mo/V Molar Ratios
XRD analysis was performed to determine the crystal structure of the catalyst. Thus, the XRD spectra of the samples are presented in Figure 2, and show the characteristic reflections of MoO3 (JCPDF 05-0508), Mo6V9O40 (JCPDF 34-0527), VO2 (JCPDF 33-1,440), and Mo0.97V0.95O5 (JCPDF 50-0535), as indicated in the figure. It can be seen that upon increasing the Mo/V molar ratio, the characteristic peak intensities for MoO3 at 2θ = 12.7, 23.3, and 25.5° decreased. The molar ratio that gave the optimal catalytic effect was determined to be 1/6, in which the characteristic peaks at 2θ = 14.6, 21.8, 25.0, and 26.9° were assigned to Mo0.97V0.95O5. Moreover, the characteristic peaks at 2θ = 27.3 and 28.2° were attributed to VO2, which were also visible at a Mo/V molar ratio of 1/6.
[image: Figure 2]FIGURE 2 | XRD patterns of the samples.
3.1.3 TG Curve of Mo-V-O
The stability of a catalyst is a key performance parameter, and so we investigated the thermal stability, which is an indicator of the catalyst stability, using the TG approach. As shown in Figure 3, the TG thermogram shows that the catalyst underwent two major mass loss stages. The first mass loss stage at ∼190°C was attributed to the thermal dehydration of the catalyst, while the second and main mass-loss stage was ascribed to the decomposition of metal oxides at ∼660°C.
[image: Figure 3]FIGURE 3 | TG pattern of Mo-V-O.
3.1.4 SEM Images of Mo-V-O
In order to obtain morphology information of the catalyst, the SEM was applied and shown in Figure 4. It can be seen that the catalyst appear nanorods morphology, and bulk-like morphology which formed by stacking of flake crystals. Most of Mo-V-O showed bulk-like structure which exhibited an irregular size, and the flake-like structure is observed clearly. Furthermore, the dimensions of nanorods were less consistent and comprised of different sizes showing that Mo-V-O material possessed different compositions, which is consistent with XRD.
[image: Figure 4]FIGURE 4 | SEM images of Mo-V-O.
3.2 Effects of Different Mo/V Molar Ratio on the Oxidation of HMF by Mo-V-O
Figure 5 displayed the products distribution of HMF converting to FDCA by pure V2O5 and the different molar ratio of Mo/V. In the presence of TBHP, V2O5 exhibits the ability of HMF oxidation to FDCA. However, there was only liquid without any catalyst after reaction indicating the instability of vanadium. Moreover, the composition of catalyst is an important factor affecting the performance of catalyst. As the changed Mo/V molar ratio from 1/4 to 1/6, FDCA selectivity varied from 36.9 to 68.6% at the same condition. Further adjusted the Mo/V molar ratio, a selective decline appeared. The above different catalytic effects indicate that the composition of different catalysts may be different, which is consistent with the XRD results.
[image: Figure 5]FIGURE 5 | Effects of the Mo/V molar ratios on the catalytic oxidation of HMF. Reaction conditions:0.5 mmol HMF, 5 mmol TBHP, 30 mg Mo-V-O catalyst, 5 ml TBA, 10 h, 80°C.
3.3 Influence of the Mo-V-O Amount on the Oxidation of HMF
Generally, the number of active sites directly affects the catalytic performance. Thus, to optimize the catalytic performance, we examined the effect of the catalyst dosage at values ranging from 20 to 40 mg, and the results are presented in Figure 6. Upon increasing the catalyst loading, the number of active sites and the contact area between the catalyst and the substrate also increased, thereby influencing the reaction outcome. Interestingly, the HMF conversion did not change significantly with an increase in the catalyst dosage, indicating that even at a low catalyst dosage, the HMF conversion was adequate. However, the relationship between the catalyst dosage and the number of active sites was found to affect the selectivity toward FDCA. More specifically, as the catalyst dosage was initially increased from 20 to 30 mg, the selectivity toward FDCA increased from 87.6 to 94.5%. However, upon further increasing the amount of catalyst to 40 mg, the selectivity toward FDCA decreased, likely due to the fact than an excess of catalyst decreased the probability of effective contact between the catalyst and the substrate. This suggests that a 30 mg catalyst loading was sufficient for the conversion of HMF to FDCA.
[image: Figure 6]FIGURE 6 | Effects of the amount of Mo-V-O catalyst on the oxidation of HMF. Reaction conditions:0.5 mmol HMF, 10 mmol TBHP, 5 ml TBA, 80°C, 10 h.
3.4 Influence of the HMF/TBHP Molar Ratio on the Oxidation of HMF
Since TBHP is employed as an oxidant in the HMF-to-FDCA pathway, different amounts of TBHP can also produce diverse catalytic performances, and thus the amount of TBHP is a crucial parameter. Hence, to gain further insight into the effect of TBHP on the oxidation of HMF into FDCA over Mo-V-O, different HMF/TBHP molar ratios were investigated. As shown in Figure 7, the conversion of HMF and the corresponding selectivity towards different oxidation products were found to vary under different HMF: TBHP ratios. More specifically, the selectivity toward FDCA increased substantially from 5.9 to 62.7% as the HMF/TBHP molar ratio was increased from 1/10 to 1/50, thereby indicating that TBHP was required for the selective oxidation of HMF. However, upon increasing this ratio to 1/20, the conversion of HMF to FDCA reached 97.4%, beyond which point, only minor increases were observed. Based on the products detected following this reaction, it was apparent that the aldehyde and hydroxyl groups present on the furan ring of HMF were oxidized to their corresponding intermediates, which further afforded FDCA from FFCA, as outlined in Scheme 1. Thus, from both economic and environmental perspectives, an HMF/TBHP molar ratio of 1/20 was considered optimal for the conversion of HMF, and so was selected for further experiments.
[image: Figure 7]FIGURE 7 | Effects of the HMF/TBHP molar ratio on the reaction selectivity. Reaction conditions:0.5 mmol HMF, 30 mg catalyst, 5 ml TBA, 4 h, 80°C.
[image: Scheme 1]SCHEME 1 | Reaction pathway of the aerobic oxidation of HMF to FDCA over Mo-V-O.
3.5 Influence of the Reaction Time on Oxidation of HMF
Using the reaction conditions optimized above, the influence of the reaction time was then investigated (i.e., 0–22 h) to study the product distribution and selectivity changes over time. As shown in Figure 8, five oxidation products were formed, which indicates that the conversion of HMF to FDCA does not only involve the oxidation of aldehyde or hydroxyl groups individually, but also the combined oxidation of both functional groups. As a result, HMF can produce FDCA via two path ways. It was found that the HMF conversion rapidly reached 77.8% after 20 min, and then increased to almost 100.0% by 4 h. In addition, the FDCA selectivity gradually increased to 94.5% over 18 h, although variations in the DFF, HFCA, and FFCA contents were observed according to the different HMF oxidation pathways that were followed, although in these cases, an initial increase was followed by a subsequent decrease as the FDCA selectivity increased.
[image: Figure 8]FIGURE 8 | Effects of the reaction time for the oxidation of HMF over Mo-V-O. Reaction conditions:0.5 mmol HMF, 10 mmol TBHP, 30 mg catalyst, 5 ml TBA, 80°C.
4 REACTION KINETICS OF HMF OXIDATION OVER THE MO-V-O CATALYST
As described above, the conversion of HMF to FDCA involves both sequential and parallel reactions, which renders it difficult to estimate the intrinsic reactivity of the Mo-V-O-catalyzed process (Hayashi et al., 2019). Examination of the reaction kinetics is therefore an effective means to provide additional insight into the reaction and evaluate the catalyst performance (Davis et al., 2014; Ren et al., 2015). Initially, it was assumed that the HMF oxidation reactions were all first order reactions, and so the aforementioned activation energy was calculated using the following formulae:
[image: image]
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Due to the particularity of the reaction process, the activation energy was only partially calculated. More specifically, the data calculated at different temperatures were fit to obtain the Arrhenius plot shown in Supplementary Figure S1 (Ma et al., 2019), and the apparent activation energies (Ea) for the oxidation of HMF to DFF and HFCA were determined to be 18.17 and 4.58 kJ mol−1, respectively, illustrating the preference toward oxidation of the aldehyde group by Mo-V-O. Subsequently, the further oxidation reaction of DFF and HFCA were investigated (see Supplementary Figure S2), and were calculated to be 39.7 and 60.7 kJ mol−1, demonstrating the preferential oxidation of the alcohol group by Mo-V-O. The Ea results are shown in Table 1, E1> E2 and E3> E4 indicated DFF was more susceptible to further oxidation which was consistent with Figure 8 where the HFCA selectivity was higher than the DFF selectivity at the same time.
TABLE 1 | The activation energy of the reaction.
[image: Table 1]5 RESPONSE SURFACE METHODOLOGY (RSM)
Response surface methodology (RSM) is a statistical method for solving multivariable problems by using a reasonable experimental design method and obtaining certain data through experiments. For this purpose, a multiple quadratic regression equation is used to fit the functional relationship between the factors and response values, and the optimal process parameters are determined through analysis of the regression equation (Bezerra et al., 2008; Yemi and Mazza, 2012; Gaidoumi et al., 2019; Yabalak et al., 2018). The Box-Behnken design (BBD) software, which is a quadratic response surface, has been applied to approximate a response function for experimental data that cannot be described by linear functions (Seo and Han, 2014). Hence, the optimal conditions were confirmed by the BBD using RSM which exhibited the FDCA selectivity. The BBD requires three levels of each experimental factor, which are coded as −1, 0, and +1. Thus, the FDCA selectivity was predicted using different combinations of three independent variables, as summarized in Table 2. The quadratic model that illustrates the interaction between the dependent and independent variables is as follows:
[image: image]
where Y is the predicted response; A, B, and C represent the three independent variables; βi is the linear effect; βii is the squared effect; and βij is the interaction effect. β0 represents the constant and random errors.
TABLE 2 | Experimental design of the independent variables.
[image: Table 2]For the purpose of this study, three factors were considered, namely the time (A), the catalyst dosage (B), and the TBHP: HMF molar ratio (C). The tested conditions included reaction times of 10–16 h, catalyst dosages of 25–35 mg, and TBHP:HMF molar ratios of 1:20–1:40. A total of 17 experimental runs were included, as outlined in Table 3. Data analysis was performed using Design Expert 8.0.6.1(Stat-Ease., Inc., MN, United States) (Sahoo and Gupta, 2013).
TABLE 3 | Box-Behnken design of experiments.
[image: Table 3]In the quadratic model, analysis of variance (ANOVA) was used to analyze the adequacy of the developed model, and the results are presented in Table 4. Generally, the suitability of the model is confirmed by a higher Fisher’s value (F value) with a probability value (p value) that is as low as possible. More specifically, values of “Prob > F″ lower than 0.0500 indicating the model terms are significant. In this case, TBHP: HMF is a significant model term. In addition, the “Lack of Fit F-value” of 1.30 implies that the Lack of Fit is not significant relative to the pure error, which means the model has good predictability. Thus, the second order polynomial equation that describes the HMF yield in terms of the actual parameters is given here:
[image: image]
TABLE 4 | ANOVA results of the quadratic model.
[image: Table 4]As shown in Figure 9, the experimental results can be presented in the form of three-dimensional response-surface plots and contour plots under fixed conditions. These plots clearly show the integrated effects of the two random variables, wherein all plots confirmed that the FDCA selectivity increased with an increase in any individual variable. Thus, according to the RSM, the selectivity toward FDCA changes upon variation in the reaction factors.
[image: Figure 9]FIGURE 9 | The surface-response plots on the FDCA selectivity: (A) Fixed Time; (B) Fixed catalyst amount; (C) Fixed TBHP/HMF molar ratio.
6 CONCLUSION
We herein reported the development of a simple and feasible method for preparing a catalyst for the oxidation of 5-hydroxymethylfurfural (HMF) to 2,5-furandicarboxylic acid (FDCA) in the absence of base. More specifically, a Mo-V-O catalyst was successfully prepared and was found to exhibit an excellent catalytic performance when tert-butyl hydroperoxide (TBHP) was employed as the sole oxidant. Under the optimized conditions determined during the course of our study, HMF was converted to FDCA with 98.2% conversion and 94.5% selectivity. Furthermore, the apparent activation energy was calculated to determine the oxidation sequence of the hydroxyl and aldehyde groups of the reactant and the intermediates. Moreover, response surface methodology was used to investigate the relationship between the catalyst loading, the TBHP/HMF molar ratio, and the reaction time. It was found that these three parameters positively affected the HMF oxidation efficiency. These results are of particular interest due to the ongoing necessity to utilize renewable resources to produce extensive commodity chemicals. Finally, considering the cost advantages of non-noble metal catalysts, further research is desirable in the oxidation of HMF to FDCA under the base-free conditions established herein.
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With the great adjustment of world industrialization and the continuous improvement of energy consumption requirements, the selective conversion of biomass-based platform molecules to high-value chemicals and biofuels has become one of the most important topics of current research. Catalysis is an essential approach to achieve energy-chemical conversion through the “bond breaking-bond formation” principle, which opens a broad world for the energy sector. Single-atom catalysts (SACs) are a new frontier in the field of catalysis in recent years, and exciting achievements have been made in biomass energy chemistry. This mini-review focuses on catalytic conversion of biomass-based levulinic acid (LA) to γ-valerolactone (GVL) over SACs. The current challenges and future development directions of SACs-mediated catalytic upgrading of biomass-based LA to produce value-added GVL, and the preparation and characterization of SACs are analyzed and summarized, aiming to provide theoretical guidance for further development of this emerging field.
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INTRODUCTION
With advances in research and industrial technology, biomass is now increasingly deemed as one of the most valuable renewable resources that can be converted into a variety of platform molecules, fine chemicals, biofuels, and solid biochars (Li et al., 2015; Liu et al., 2015; Li et al., 2017; Li H et al., 2019; Li H et al., 2020; Meng and Li, 2021; Meng et al., 2022). γ-Valerolactone (GVL) is an important platform molecule and green solvent, which can be used to produce liquid fuels, polymers, intermediates for fine chemicals synthesis, and seasonings (Wright and Palkovits, 2012; Zhang, 2016; Ye et al., 2020). Catalytic hydrogenation of biomass-based levulinic acid (LA) is one of the most effective methods to produce GVL, which has attracted increasing attention in recent years. Homogeneous catalysts can be uniformly dispersed in the catalytic system, which can effectively promote LA hydrogenation to produce GVL. However, due to the high boiling point of GVL (207–208°C), the product/catalyst separated by distillation is not economical, resulting in a homogeneous system not suitable for the target production of GVL (Zhang, 2016). Therefore, the large-scale production of GVL almost certainly depends on heterogeneous catalysts, because heterogeneous catalysts are easier to be separated from nonvolatile GVL (Zhang, 2016; Zhang et al., 2019).
Metal sites play an important role in the hydrogenation, intramolecular (trans) esterification or dehydration of LA to obtain GVL (Dutta et al., 2019). Therefore, improving the utilization rate of metal atoms is the key step to reduce the production cost and obtain high efficiency in the whole catalytic process. Single-atom catalysts (SACs) are supported catalysts containing only isolated active centers (Chen et al., 2018; Ji et al., 2020), in which a strong interaction or considerable charge transfer between highly dispersed single metal atoms and solid supports. This unique structure allows single-metal atoms of the SACs to have a desired electronic structure and carry specific electrical charges different from those of conventional metal nanoparticles (Ding et al., 2019; Xue et al., 2022). It seems one of the most promising materials for rational utilization of metal resources and atomic economy. In theory, all the involved metal atoms could behave as homogeneously as homogeneous catalysts, with an atomic efficiency of 100% (Ding et al., 2019). SACs have shown excellent catalytic performance, with respect to activity, selectivity, and stability, in catalytic conversion of various biomass-derived feedstocks into target value-added chemicals (De et al., 2022).
Some excellent reviews have depicted the catalytic production of GVL from biomass-based platform molecule LA in different perspectives (Wright and Palkovits, 2012; Zhang, 2016; Ye et al., 2020), while SACs applied in this field have not been comprehensively discussed till now. This mini-review focuses on the preparation and characterization of SACs and their application in the conversion of LA to GVL. The advantages and disadvantages of SACs, and the catalytic activity of LA over SACs are introduced emphatically.
CATALYTIC CONVERSION OF LA TO GVL
LA is an important platform molecule, which can be easily and economically produced from lignocellulose via a simple and high-yield acid-catalyzed hydrolysis process (Figure 1) (Rackemann and Doherty, 2011; Ruppert et al., 2012; Khan et al., 2018). The condensation ability of LA is related to hydrogenation, and the generation of GVL may be realized through the hydrogenation of unsaturated carbon-carbon or carbon-oxygen bonds. Therefore, GVL can be synthesized by hydrogenation of LA through following two reaction mechanisms. 1) Hydrogenation of ketone group of LA to produce unstable intermediate 4-hydroxy-pentanoic acid (HPA), and subsequent dehydration followed by an intramolecular esterification, resulting in the ring closure to yield GVL. 2) LA is directly dehydrated to produce α-angelica lactone and then hydrogenated to produce GVL (Zhang, 2016; Dutta et al., 2019; Ye et al., 2020). In these two pathways, the hydrogenation step depends on the metal active sites of the catalyst, and the dehydration and cyclization steps are affected by the acidic conditions of the reaction system (Galletti et al., 2012; Lin et al., 2018; Cai et al., 2019). In this regard, improving the utilization rate of metal atoms is a key step to reducing the cost and obtaining high efficiency for the overall catalytic process.
[image: Figure 1]FIGURE 1 | The schematic of reductive upgrading of biomass-based LA (levulinic acid) to GVL (γ-valerolactone) over single-atom catalysts.
In recent years, SACs have opened up a vast field of catalysis because of their advantages of high atomic utilization rate, high activity, high stability, and high selectivity. Many different active phases, including noble and non-noble metals, have been tested to catalyze the conversion of LA to GVL (Yan et al., 2013; Yuan et al., 2013; Mai et al., 2014). Ruthenium-based catalysts remain preferred because they are usually the most active and selective catalysts. Using metal-organic framework (MOF) NH2-MIL-125 as the precursor, Zhang et al. prepared Ru single-atom catalyst (Ru/TiO2@CN) by loading anatase and rutile mixed-phase TiO2 on nitrogen-doped amorphous carbon through high-temperature calcination (Zhang et al., 2021). At room temperature, the conversion of LA and selectivity of GVL could reach 100% through hydrogenation and dehydration reactions. The turnover frequency (TOF) of the catalyst was about 35 times higher than that of the industrial Ru/C catalyst, also with superior selectivity toward GVL. In addition, the mechanism study showed that LA is first converted to HPA through the hydrogenation process, and then HPA is rapidly dehydrated to GVL. The stability of 0.85 wt% Ru/ZrO2@C catalyst prepared by wet impregnation method for the conversion of LA to GVL was significantly improved (Cao et al., 2017). ZrO2@C support, with a nano t-ZrO2 (3.3 nm) structure embedded in amorphous carbon, was obtained by thermal decomposition of UiO-66 material (Zr-MOF). The catalytic performance of Ru/ZrO2@C in LA-to-GVL conversion was tested under 10 bar H2 at 150°C in an aqueous solution, and compared with that of commercial 5 wt% Ru/C. Both catalysts could achieve the full conversion of LA and the quantitative yield of GVL, while 5 wt% Ru/C exhibited poor deactivation resistance after the first operation. Inductively coupled plasma optical emission spectroscopy (ICP), X-ray photoelectron spectroscopy (XPS), high-resolution transmission electron microscopy (HR-TEM), aberration-corrected scanning transmission electron microscopy (AC-STEM), temperature-programmed reduction (TPR), and physical adsorption data showed that the rapid deactivation of Ru/C was mainly due to the leaching of Ru and the loss of surface area caused by carbon deposition in micropores (Cao et al., 2017). In contrast, the self-made Ru/ZrO2@C catalyst could be repeatedly recycled in water and high proton aqueous solution, with no significant decrease in catalytic performance. Yang et al. reported a single-atom catalyst (SAC) with a core-shell structure synthesized by core-shell bistability strategy using amine-modified Ru1/Fe3O4 as the core and periodic mesoporous organic silicon (PMO) as the shell (Yang et al., 2021). The Ru atom (0.76 wt%) was inserted into the oxygen vacancy of Fe3O4 spheres and stabilized by the amine group of 1,6-hexanediamine. Hollow PMO spheres are hydrophobic, which provides a strong barrier for the core of internal Ru1/Fe3O4, while the mesopores of the shell (4.2 nm) together with the cavity enhance the porosity of the catalyst. The conversion rate of LA was up to 99% with the GVL selectivity of up to 98.9%, while the high catalyst stability was still maintained after seven cycles. Regulating the electronic structure of metal catalysts can improve the catalyst performance, but it is very challenging work to regulate the electronic structure of atom-level catalysts. Fortunately, a RuCo single-atom alloy (SAA) catalyst was recently reported, in which precisely tailored electron-rich Ru atoms were confined to Co lattices, and ZIF-67 containing Ru was prepared by pyrolysis (Shao et al., 2021). The experimental study and calculation simulation showed that its activity was derived from the intrinsic active site of RuCo SAA. It was further illustrated that the electron-rich Ru single atom promoted the adsorption of C=O/H2 and the dissociation of H2 to H atom, especially beneficial to hydrogenation of the unsaturated γ-C of LA, which is the rate-determining step of LA hydrogenation. The more Ru content, the better the reaction activity of RuCo is for LA-to-GVL, and the TOF value could reach 3500 h−1, which is 27 times higher than that of commercial 5 wt% Ru/C catalyst. Han et al. also reported a strategy using notched polyoxomtalate (N-POM) to immobilize Ru atoms, which could prevent the aggregation of Ru during pyrolysis and obtain atom-dispersed Ru catalysts anchored onto uniform subsupporter WOx clusters on carbon-nitrogen (Ru1@WOx/CN) (Han et al., 2021). The synthesized Ru1@WOx/CN catalyst had good catalytic activity for the hydrogenation of LA to GVL under solvent-free conditions (99% conversion, and 100% selectivity). Properly regulating the active center of the Ru electronic structure can promote the formation and dehydration of HPA intermediates to form GVL. The N-POM strategy is also excellent in preparing a series of atom-dispersed noble metal atoms, which provides an opportunity to find SACs. The stability of the catalyst in polar solvents is also a very important indicator in the catalytic upgrading of the biomass platform molecules. The activity, selectivity, and stability of Ru-based catalysts supported on TiO2, ZrO2, and C in the conversion of GVL from LA at 30 bar H2 and 150°C were investigated (Ftouni et al., 2016). All the tested catalysts showed good GVL yield in fresh use, but only Ru/ZrO2 catalyst could maintain high yield in multiple cycles. Surprisingly, the widely used Ru/TiO2 catalyst showed rapid deactivation after the first catalytic test. The characterization structure showed that the partial deactivation of Ru was attributed to the reduction of Ti support and the coating of Ru nanoparticles, namely the interaction of harmful strong metal supports, rather than the sintering or coking of Ru. In contrast, the Zr support showed no signs of activity reduction after five cycles and had high morphological and structural stability. It is worth noting that in the fresh Ru/ZrO2 catalyst, even if the Ru loading is 1 wt%, Ru can still be completely dispersed on the fresh catalyst, and some Ru nanoparticles can be observed after recycling. Further studies on Ru/ZrO2 catalysts showed that the dioxane was easily replaced by milder solvents, including GVL itself. Recently, in addition to the SACs constructed with Ru as the active center, which shows excellent catalytic performance in the research system of LA-to-GVL conversion, Ir-based SACs have also come into the vision of researchers. Cao et al. first reported an ultra-stable Ir-based SAC (0.6 wt% Ir@ZrO2@C) (Cao et al., 2019). In polar and proton reaction media (pH = 3 and pH = 1) under harsh conditions (T = 155°C, PH2 = 40 bar), 2.7 wt% Ir/C and 0.6 wt% Ir/ZrO2 nanocatalysts showed significant deactivation in recycling experiments, mainly due to the leaching of Ir into acidic reaction media. In contrast, Ir@ZrO2@C SAC catalyst showed advantages in selectivity and unprecedented stability toward GVL, which could be recycled continuously seven times (pH = 3) and six times (pH = 1) in aqueous solution without deactivation and metal sintering or leaching. It is thus can be observed that the in-situ synthesis process that limits the entry of a single atom into the metal-organic framework by space proves to be an effective method for preparing acid-resistant solid catalysts.
PREPARATION AND CHARACTERIZATION
The catalytic performance of SACs with a good structure and coordination environment is greatly improved, which is helpful for the identification of active sites and the study of catalytic mechanisms at an atomic level. Although SACs have made proud achievements in various catalytic fields such as thermal catalysis, photo-catalysis, electro-catalysis, and photoelectron-catalysis, the preparation of highly dispersed SACs still presents some challenges (Ji et al., 2020). Here, the synthesis strategies of SACs are summarized for a better understanding of the construction process of SACs to promote the application of SACs for LA-to-GVL (e.g., impregnation, co-precipitation, spatial confinement, coordination, and defect strategy) (Figure 1). As a typical preparation method, the impregnation and co-precipitation methods are of great significance for the preparation of SACs by controlling metal loadings and selecting suitable high surface area supports (Wei et al., 2014; Zhang X et al., 2018; Ye et al., 2019). For example, Ftouni et al. prepared two 1 wt% Ru catalysts supported on TiO2 and monoclinic ZrO2 by wet impregnation method (Ftouni et al., 2016). The spatial confinement strategy is to disperse single atoms in space using porous materials such as zeolites (Masoumifard et al., 2018; Liu L et al., 2020), metal-organic frameworks (MOFs) (Jiao and Jiang, 2019), and covalent organic frameworks (COFs) (Yi et al., 2018; Zhong et al., 2019). N-POM was used to confine Ru atoms to prepare highly dispersed Ru1@WOx/CN catalysts for producing GVL (Han et al., 2021). The coordination usually takes the target single atom as the coordination center, which then coordinates with the ligand containing lone pair electrons to form highly dispersed SACs. Ligands commonly used are polymers and polymer-derived materials with abundant heteroatoms (Pan et al., 2018; He et al., 2019), MOFs and their derivatives (Zhang et al., 2016; Yang et al., 2019), carbon-based materials (Li X et al., 2020), and C3N4 and graphdiyne (Tan et al., 2017). The defect strategy is to prepare materials with dispersed defect sites from relatively intact materials, followed by introducing single atoms into the defect sites to form highly dispersed SACs (Beniya and Higashi, 2019). These materials usually include oxides, hydroxides (Dvorak et al., 2016; Sun et al., 2019), graphene, and other deficiency-rich materials (Fei et al., 2019). The strategy of direct conversion of metal nanoparticles into SACs is to create suitable synthesis conditions to break the metal bond of nanoparticles and form a new bond between the single metal atom and the anchor chain of the support (Moliner et al., 2016). The “top-down” strategy is to directly convert metal block materials and metal oxide powers materials into SACs (Qu et al., 2018). Single-atom alloy strategy is dependent on the dispersion of metal single-atom sites into another metal nanomaterial (Greiner et al., 2018; Li M et al., 2019; Shao et al., 2021). Chemical etching strategies include direct etching of bulk metals and nanoparticles (Qiu et al., 2015), and indirect template-assisted etching into SACs (Han et al., 2017; Sun et al., 2018). Atomic layer deposition (ALD) technology has a good ability to control the deposition of single atom or cluster on the support, so it is one of the powerful methods to accurately prepare ideal single-atom materials (Sun et al., 2013; Zhang L et al., 2018). In addition, other preparation strategies that are not commonly used include photochemistry method (Karkas et al., 2016), electrochemistry method (Zhang et al., 2017), freezing-assisted method (Wei et al., 2017), microwave-assisted method (Bilecka and Niederberger, 2010), ball-milling method (Cui et al., 2016), ionic-liquid-assisted method (Xi and Sun, 2019), and so on.
With continuous efforts in recent years, researchers have developed a variety of effective synthesis strategies, as discussed above. In connection to this, how to reveal the isolated reactive centers and overall structural information of SACs is also a very important link. In this mini-review paper, the structural characterization of isolated reactive centers in SACs (especially the Ru-based SACs for LA-to-GVL conversion) was disclosed by using advanced technologies such as electron microscopy and spectroscopy (Figure 1) (Xue et al., 2022). Transmission electron microscopy (TEM) with the atomic resolution has been developed as an effective method to study the detailed structural information of isolated reaction centers and their interactions with supports. The additional energy dispersive X-ray (EDX) detector of scanning transmission electron microscopy (STEM) can further provide element mappings, clarify the atomic dispersion of metal atoms on supports, and further evaluate the dispersion degree of single atoms. In addition, aberration-corrected high-angle annular dark-field scanning transmission electron microscopy (AC-HAADF-STEM) can easily confirm the existence of isolated reaction centers on the supports, as long as the metal atoms exhibit a much higher atomic number than the supporting elements (Lee et al., 2019; Chen et al., 2020). Although electron microscope images provide effective information to identify the structural information of the catalysts, it should be noted that there are some limitations in its application in structural characterization. Due to the limited electron penetration ability of microscopic technology, it is difficult to observe the isolated metal atoms modified in the bulk phase or cavities, rather than the surface structure. In addition, the electron microscope can only image the local structure, and cannot provide the overall structure information of the SACs (Liu J et al., 2020). Therefore, some additional spectral methods are needed to provide supplementary data and support the existence of isolated metal sites in SACs. For example, X-ray photoelectron spectroscopy (XPS) is widely used to reveal the surface valence structure of SACs. Compared with pure metal, the obvious change of binding energy may explain the oxidation state of isolated metal atoms and exclude the existence of nanoparticles (Han et al., 2021; Shao et al., 2021). In addition, X-ray absorption spectroscopy (XAS) is one of the most commonly used and powerful tools to characterize SACs, including X-ray absorption near-edge structure (XANES) spectroscopy and the extended X-ray absorption fine structure (EXAFS) (Pan et al., 2019; Qiao et al., 2022). XANES can provide local electronic state information of the detected elements, while EXAFS can provide a high-resolution coordination environment and local geometry details of isolated metal sites. As site-specific characterization techniques, Fourier transform infrared spectroscopy (FTIR) and Raman spectroscopy are also widely used to evaluate the existence of isolated metal sites (Li et al., 2016; Fang et al., 2018), because they have obvious displacement relative to clusters or nanoparticles. The theoretical calculation also is one of the most important research methods (Han et al., 2021), state density, wave function |Ψ|2, and modeling can verify each other with electron microscopy and spectroscopy. Taking together, the above characterization methods are conducive to revealing the role of SACs in the LA-to-GVL conversion system, which provides an effective basis for the visualization of the system in the future.
CONCLUSION AND PERSPECTIVES
The over-exploitation of fossil resources has caused serious social and environmental problems, and the high-value conversion of renewable resources has gradually become a global research upsurge. This mini-review focuses on the conversion of LA to GVL over SACs, and also extends to the involved reaction mechanism (e.g., hydrogenation, cyclization, and dehydration), synthesis methods (e.g., impregnation, co-precipitation, spatial confinement, self-assembling, and defect sites), and structural characterization methods (e.g., electron microscopy, and spectroscopy) of SACs. Both SACs and traditional heterogeneous catalysts show high activity and selectivity in the catalytic conversion of LA to GVL. However, traditional heterogeneous catalysts tend to lose activity after reaction, while SACs show excellent stability. At present, the SACs in this field mainly use Ru species as the active sites. Therefore, the development of SCAs with cheap transition metals as the active sites is one of the major tasks for LA-to-GVL, which is conducive to reducing the catalyst cost and promoting the commercialization of this field. In addition, the development of cleaner and more sustainable catalytic systems for LA-to-GVL is also a hot topic for future research, such as single-atom electro- and photocatalytic systems. In conclusion, SACs have great potential in large-scale catalytic production of GVL from LA. Further development of facile preparation methods of SACs and eco-friendly catalytic processes, as well as elucidation of the single-atom active center is challenging but an unprecedented opportunity to promote the industrialization of SACs for biomass valorization.
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The complexity and recalcitrance of the lignin structure is a major barrier to its efficient utilization and commercial production of high-value products. In recent years, the “bio-funneling” transformation ability of microorganisms has provided a significant opportunity for lignin conversion and integrated biorefinery. Based on the chemical structure of lignin, this mini-review introduces the recent advances of lignin depolymerization by bacterial strains and the application of microbial lignin degradation in lipids production. Furthermore, the current challenges, future trends and perspectives for microbe-based lignin conversion to lipids are discussed.
Keywords: lignin, bio-conversion, microbial depolymerization, lipids, bio-funneling
INTRODUCTION
The energy conversion of lignocellulosic biomass can effectively alleviate the pressure of energy crisis and environmental deterioration (Li et al., 2014; Liu et al., 2015; Li et al., 2017; Zhang and Wang, 2020). However, the sustainable and profitable development of the lignocellulose-based biorefinery industry relies on the holistic utilization of all carbon components, including cellulose, hemicellulose, and lignin (Li et al., 2015; Li H. et al., 2019; Zhao et al., 2019; Garlapati et al., 2020; Li et al., 2020a; Li et al., 2020b). Lignin is a three-dimensional biopolymer composed of three different phenylpropanoid monomers randomly polymerized by C-C and C-O bonds (Supanchaiyamat et al., 2019; Ali et al., 2021; Abu-Omar et al., 2021). Because of its high carbon-oxygen ratio and rich aromatics, it is the most promising material for generating products, such as biofuels and other high-value chemicals (Wang H. et al., 2019; Wang et al., 2021). However, the lack of efficient degradation and resource utilization technologies for lignin is the main bottleneck restricting the sustainability and cost-competitiveness of lignocellulose biorefinery (Sethupathy et al., 2022). The pulp and paper industry generates approximately 50 million tons of lignin annually with ca. 98%–99% being combusted for energy generation (Zevallos Torres et al., 2020).
Considering sustainability and industrialization, lignin-based biorefinery faces many challenges (Den et al., 2018; Yaguchi et al., 2020). The heterogeneous structure of lignin leads to its insolubility and diverse aromatics after depolymerization, which increases the difficulty of industrial transformation to target products. The diversity and complexity of linkages among the monomers increase the complexity of degradation. In addition, the degradation of lignin produces toxic inhibitors that require strong tolerance for microbial population.
The effective utilization of lignin has many significant advantages (Huang et al., 2022; Yao et al., 2022; Zhou et al., 2022). Firstly, it can improve the resource utilization efficiency and profitability of lignocellulosic biomass. Secondly, selective utilization of lignin can avoid inhibition issues resulting from lignin degradation products in the fermentation process and non-productive binding of enzymes. Thirdly, appropriate utilization of lignin could mitigate the potential environmental pollution related to huge wastewater effluents from the pulp and paper industry.
In this regard, bio-valorization is considered potentially advantageous due to its mild condition, eco-friendliness, and specificity in converting lignin into biofuels and chemicals (Singhania et al., 2022). Generally, lignin-derived bio-conversion mainly involves the microbial depolymerization of lignin into a broad spectrum of low-molecular-weight aromatics through oxidative enzymes secreted by microorganisms. These aromatics are then converted into value-added products, especially lipids, through microbial metabolism (Liu et al., 2019) (Figure 1). Conventional biodegradation achieved by fungi (e.g., brown- or white-rot fungi) has some drawbacks in terms of a long pretreatment period and poor environmental adaptability. In contrast, bacteria exhibit rapid reproduction, excellent adaptability to diverse environment, and easier genome editing, making them potential candidates for lignin-degrading strains in the future (Liu D. et al., 2018; Radhika et al., 2022). Therefore, the bio-funneling pathway process has attracted great attention due to its ability to overcome the heterogeneity of lignin-derivatives. The synthesis of lipids from lignin via the bio-funneling pathway using Rhodococcus strains has been widely reported in the literature (Li C. et al., 2019). Microorganism pool heterogeneous substrates into intermediates, such as protocatechuate or catechol, through a pathway known as the bio-funneling process. These intermediates further undergo central carbon metabolism to synthesize lipids by the cyclic cleavage, β-ketoadipate pathway (Salvachúa et al., 2015). To date, there are limited published reviews that have specifically addressed the use of bacteria for the production of lipids from lignin. This paper reviews current research advances on the conversion of lignin to lipids via biological pathways and possible strategies to improve lignin biotransformation, demonstrating an effective value chain from lignin to lipids in an eco-friendly and sustainable manner.
[image: Figure 1]FIGURE 1 | The scheme of lipids production from lignin through a bio-funneling process.
BIO-DEPOLYMERIZATION OF LIGNIN TO AROMATIC COMPOUNDS
Because of its natural aromatic skeleton, lignin has great potential for conversion into aromatics as biofuels or value-added chemicals, which plays an important role in improving carbon efficiency (Liao et al., 2020; Weng et al., 2021). Natural lignin mainly consists of three phenylpropanoid units, p-coumaryl alcohol (H-type unit), coniferyl alcohol (G-type unit), and sinapyl alcohol (S-type unit) (Becker and Wittmann, 2019), with a different number of methoxylation degrees on the aromatic rings (Mayr et al., 2021). The lignin monomers are conjugated by different bonds to form polymers with high resistance to chemical and biochemical depolymerization. Ether bonds, particularly β-O-4 ether linkages, predominate in lignin (Paananen et al., 2020; Szalaty et al., 2020).
Lignin depolymerization, the process of converting macro-molecular polymers into low-molecular-weight monomers or oligomers, is a key step in lignin valorization (Ragauskas et al., 2014). In nature, lignin degradation is induced by biological factors, such as fungi, bacteria, and abiotic factors (Radhika et al., 2021). Fungi are the most effective lignin-degrading microorganisms, mainly including white rot, brown rot, and soft rot, among which white rot has the strongest degradation ability (Ponnusamy et al., 2019; Salvachua et al., 2020). Nevertheless, the harsh growth conditions and complex genetic system of fungi greatly limit their application in industry. In addition to fungi, bacteria have also been reported to have the ability to degrade lignin. Although the degradation performance is not as good as that of fungi, bacteria demonstrate strong environmental adaptability (Xu et al., 2021). Screening for bacteria with strong lignin depolymerization capacity and identification of secreted enzymes are crucial for effective lignin utilization (Xu et al., 2019). The direct use of industrial enzymes for depolymerization can avoid severe and complex processes (e.g., high temperature and pressure, hazardous and expensive chemicals, and catalysts). Particularly, oxidases (i.e., laccases and peroxidases) are potential candidates for lignin depolymerization (Hamalainen et al., 2018).
Bacteria Involved in the Depolymerization of Lignin
In the presence of oxygen or under anaerobic conditions, bacteria use lignin as a carbon source and then secrete oxidative enzymes to depolymerize lignin (Weng et al., 2021). Rhodococcus, Proteobacteria, and pseudomonas are the main bacteria that can degrade lignin effectively (Lee et al., 2019). Substrate sources and screening methods are key factors in obtaining bacteria with excellent lignin-degradation performance (Xu et al., 2019). Lignin-degrading bacteria are commonly found in lignin-rich environments, such as pulp and paper wastewater, eroded bamboo slips, soil, rotten wood, compost, and even termite gut (Xu R. et al., 2018). The commonly used screening method is to obtain the bacteria with ligninolytic capacity by using lignin or lignin-derivatives as the sole carbon source, and a suitable secondary screening model is then constructed to differentiate the degradability of lignin. For instance, dyes are often used to indicate the degradation activity of lignin due to its close structure to lignin and decolorization visualization (Xu Z. et al., 2018). Pseudomonas putida NX-1, Klebsiella pneumoniae NX-1, and Ochrobactrum tritici with lignin degradation capability were screened from the leaf molds using Kraft lignin as the sole carbon source, and then their capabilities to degrade lignin were verified by simulating dye decolorization and measuring decomposition enzyme activity efficiently (Xu Z. et al., 2018). The results showed that Pseudomonas putida NX-1 was the most capable for degrading lignin and was able to secrete laccase, lignin peroxidase (LiP), and Mn-peroxidase (MnP) efficiently. The researchers obtained two strains of lignin-degrading bacteria from the rainforest by the laccase activity against ABTS and their capabilities to degrade Kraft lignin and lignin model dimer guaiacylglycerol-β-guaiacyl ether with abundant lignin-linkage (Huang et al., 2013). Bacillus amyloliquefaciens SL-7 obtained from tobacco straw demonstrated better secretion of ligninolytic enzymes (MnP, LiP, and laccase) and achieved 28.55% of lignin degradation after 15 days with a comparable degradation rate to fungi, which could be an excellent strain for lignin degradation by overcoming the disadvantage of low bacterial activity (Mei et al., 2020).
Lignin-Depolymerizing Bacterial Enzymes
Ligninolytic enzymes, which are crucial for lignin valorization, are mainly divided into two groups, i.e., lignin modifying enzymes (LMEs) and lignin-degrading auxiliary enzymes (LDAs) (Iram et al., 2021). LMEs, including laccase and peroxidase (e.g., lignin peroxidase, manganese peroxidase, multifunctional peroxidases, etc.), are predominant oxidases that can directly depolymerize lignin. Although LDAs cannot directly depolymerize lignin, they can assist LMEs in the degradation of lignin (Reshmy et al., 2022). Unlike fungal lignin-depolymerizing oxidases, bacterial lignin depolymerization is dominated by laccase and DyP (Dye decolorizing peroxidase) (de Gonzalo et al., 2016). More importantly, bacterial enzymes possess higher thermal stability and robustness as compared to fungal enzymes.
Most enzymes operate under mild conditions and even acidic conditions, but most technical lignin is undissolvable under acidic conditions. Finnish biotechnology company MetGen Oy designs and supplies a genetically engineered commercial enzyme MetZyme® LIGNOTM which can function at higher pH of 10–11 and elevated temperatures with a certain reduction in lignin molecular weight and increased solubility (Hamalainen et al., 2018). This enzyme-mediated scheme provides high value for lignin valorization commercially. Extreme enzymes and extremophiles are very attractive in the future because of their ability to adapt to harsh processes and perform well in the bio-conversion process, potentially bringing enzymatic lignin decomposition closer to industrial applications (Zhu et al., 2022). Zhu et al. (2017) isolated a salt-tolerant and basophilic strain of Bacillus ligniniphilus L1 from abyssal sediments, and then identified 15 aromatics during the bio-conversion of alkaline lignin, exhibiting significant lignin-degrading capability and adaptability to extreme environments.
BIO-CONVERSION OF LIGNIN TO LIPIDS
As attractive feedstocks for biofuel production, lipids can be synthesized from lignin-based aromatic building blocks by oleaginous microorganisms with nearly 20% of lipids accumulation out of their dry cell weight (DCW) (Reshmy et al., 2022). Prominent oleaginous bacteria can exhibit excellent lipid accumulation capacities, such as Acinetobacter calcoaceticus (lipid accumulation up to 27%–38% of their DCW), Rhodococcus opacus (25%), and Bacillus alcalophilus (18%–24%) (Iram et al., 2021). Biocatalytic processes that integrate upstream depolymerization and bacterial aromatic metabolic pathways (bio-funneling process) can overcome the lignin inherent heterogeneity (Linger et al., 2014). Rhodococcus species, the oleaginous microorganisms, have efficient metabolism and tolerability of aromatics derived from lignin and their relative adaptability in genetic manipulation makes them promising for industrial applications (Xiong et al., 2016; Shields-Menard et al., 2017).
In general, the bio-conversion of lignin to lipids after depolymerization generally involves three stages (Chen and Wan, 2017; Lee et al., 2019): 1) conversion of lignin-degraded oligomers or monomers to catechol or protocatechuate via the bio-funneling pathway, 2) ring-opening pathways of the aromatic skeleton and β-ketoadipate pathway to produce acetyl-CoA, and 3) synthesis of lipids by oleaginous microorganisms under deficient conditions (e.g., nitrogen limitation). Microbially involved lignin bioconversion processes often pose a barrier to industrial applications aiming at high yield and high efficiency in lignin use (Ponnusamy et al., 2019).
Bio-conversion of lignin to lipids has been effectively explored in terms of improved technology and development of new processes, such as pretreatment, co-culture, and other promising enhancement technologies, etc. A list of bacteria strains together with innovative strategies to produce lipids is shown in Table 1.
TABLE 1 | Biosynthesis pathways of lignin to lipids through bacteria.
[image: Table 1]Pretreatment
Pretreatment is a crucial step in the integrated biorefinery (Zhang et al., 2021). Monitoring the lipid synthesis from lignin mediated by oleaginous microorganisms, it has been revealed that low-molecule-weight lignin-derived monomers were more favorable for lipid accumulation than macro-molecule of lignin. Therefore, integrating depolymerization processes that can reduce the molecular weight of lignin and break its inherent recalcitrance, with microbial synthesis processes could be applied to improve the efficiency of lipid accumulation (Li X. et al., 2019).
In the study using Rhodococcus opacus DSM 1069 to convert Kraft lignin to lipids, Wei et al. (2015) found that bacteria acted poorly when directly using Kraft lignin as substrate. After O2-pretreatment of Kraft lignin under an alkaline environment, the bacterium was able to use Kraft lignin and accumulate lipids with a maximum yield of 0.067 mg/ml. As compared to single pretreatment, combined pretreatment produced higher lipid concentration (12.8%–75.6%) because lignin-degrading bacteria released more monomers for use to achieve an optimal lipid yield of 1.83 g/L in fermentation. This indicates that combined pretreatment together with batch fermentation could be a promising strategy for efficient bio-conversion of lignin to lipids (Liu Z.-H. et al., 2018).
Co-Culture
In general, most industrial biosynthesis processes prefer to use a single engineered microorganism to facilitate the production control. But in a single microbe, there is a competition for cellular resources in different metabolic pathways (Borchert et al., 2022). The application of microbial co-culture systems can reduce these catabolic limitations, improve streams towards desired chemicals, or enhance microbial resistance to toxicity (Singh et al., 2019). Although multiple microbial cultures can increase the complexity of the bio-funnelling pathway towards a single product, the selection of compatible partners with synergistic functions could be challenging in the co-culture system (Zuniga et al., 2020). Further investigations are needed to elucidate the interactions between microorganisms and the dynamics of community structure in the system. Given the complementary nature of different bacteria in lignin depolymerization and assimilation, the use of bacterial communities can significantly improve the efficiency of the biological upgrading of lignin for lipids accumulation.
Li X. et al. (2019) set up a wild and engineered Rhodococcus co-culture system, which presented excellent capabilities to degrade lignin and accumulate lipids. After selective depletion of glucose by Rhodococcus strains, nearly half of the lignin was then depolymerized into monomers for cell growth and lipid synthesis. The highest lignin degradation rate was 23.2% for the single strain fermentation and 33.6% for the three co-cultured strains.
Some bacteria were found to promote the growth of microalgae (Subashchandrabose et al., 2011). The microalgal growth-promoting bacterium Azospirillum brasilense increased the total intracellular lipid content after co-immobilization with three strains of microalgae (de-Bashan et al., 2002). Introducing these engineered microbial communities with enhanced capacity provides another new concept for the production of lipids from lignin.
Other Promising Enhancement Technologies
Most of the lignin-derived aromatic compounds are inhibitory to microorganisms, resulting in reduction of the yield and tighter of lignocellulosic-based products (Singh et al., 2019). Thus, it is imperative to develop robust, tolerant and productive strains for effective biorefinery (Zhang and Bao, 2022). Comprehensive lipidomic research applying adaptive evolution using phenol-only carbon source for Rhodococcus opacus PD630 revealed a correlation between the strain’s lipid metabolism and phenol tolerance by affecting the constituent of mycolic acid and phospholipid membranes (Henson et al., 2018). Pelleted culture has been extensively studied for its high yield and ease of product collection, the low viscosity of the medium, and thus low energy consumption (Nair et al., 2016). Xu et al. (2022) reported for the first time the spontaneous formation of pellets by bacteria during fermentation with an alkaline treatment solution of maize stover as the carbon source, even in the absence of added chemical coagulants. It was found that the lipid content of the pellets was higher than that of the suspended biomass at low nitrogen concentrations. Moreover, this pellet form of microorganism has the potential for lipid production, suggesting a new strategy for the development of the biofuel industry. Liu et al. (2021) designed the “Plug-In Processes of Lignin” based on advanced pretreatment techniques to achieve a synergy of lignin biochemical conversion and carbohydrate production by reducing molecular weight and enhancing hydrophilic radicals to achieve profitable and sustainable biorefinery.
CONCLUSION
The efficient resource utilization of lignin can significantly improve the economic feasibility of lignocellulosic biorefinery towards sustainability and circularity. Tremendous progress has been made in recent decades in lignin valorization, however, more efforts are still desired to produce high-value compounds from lignin efficiently and economically. Lignin depolymerization plays a crucial role in bioconversion. Microbially mediated lignin depolymerization has become a hot spot of research because of its low energy consumption and eco-friendliness. Lignin-degrading bacteria could be a breakthrough in commercial utilization of lignin due to strong tolerance under extreme conditions, fast reaction rate, and ease of genetic manipulation. Despite some recent breakthroughs in the biotransformation of lignin to lipids, nitrogen optimization for exogenous protein expression and lipid accumulation, and improvement of production efficiency are main challenges in future research work. To address the challenges of lignin biotransformation into lipids, the industrial production of lipids from lignin by bacteria can be achieved by introducing emerging technologies, including predominant pretreatment techniques, adaptive evolutions, and genetic engineering. In the future, synergistic pathways could be elaborated for the production of lipids from the metabolism of sugars and aromatic substances. An effective value chain for depolymerization and bioconversion of lignin to lipids should be established in order to provide promising prospects for the production of biofuels.
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A new type of biomass-based liquid fuel, 2,5-dimethylfuran (DMF), has attracted significant attention owing to its unique physical properties and carbon neutrality. It can be obtained from the hydrogenation of 5-hydroxymethylfurfural (HMF), an important biomass platform compound. In this study, we developed a nitrogen-doped carbon-confined CuCo bimetallic catalyst with a popcorn-like structure for the selective hydrogenation of HMF with high efficiency and adequate stability. Under optimized conditions, 100% HMF conversion and 93.7% DMF selectivity were achieved. The structure of the catalyst was characterized using XRD, XPS, SEM, and TEM. It was observed that carbon spheres, which were covered by nitrogen-doped carbon nanotubes, uniformly formed, while metal particles were confined in the nitrogen-doped carbon nanotubes. The popcorn-like structure exhibited a larger surface area and provided more contact sites, while the confined metal particles were the main active sites. The synergistic effect between Cu and Co was beneficial for DMF selectivity.
Keywords: 5-hydroxylmethylfurfural, CuCo bimetallic catalyst, selective hydrogenation, N-doped carbon nanotubes, 2,5-dimethylfuran
INTRODUCTION
With the increasing consumption of fossil fuels, the problems of resource depletion and the environmental pollution caused by fossil fuels have become increasingly serious. Therefore, there is an urgent need to develop sustainable and clean energy sources. Among them, biomass energy has attracted the attention of researchers as it can realize the carbon cycle and effectively reduce environmental pollution. Notably, 2,5-dimethylfuran (DMF) is considered a high-quality biomass-based liquid fuel owing to its unique physical properties (Tian et al., 2010; Alamillo et al., 2012; Wang H et al., 2019), such as high energy density, high boiling point, and low solvency in water (compared to first-generation bioethanol), and it can be produced by the selective hydrogenation of 5-hydroxymethylfurfural (HMF). HMF is an important biomass-based platform compound obtained from the hydrolysis of cellulose (Hu et al., 2008; Guo et al., 2020). However, because of its abundant reactive functional groups, side reactions and overhydrogenation easily occur during the hydrogenation of HMF to DMF (Zhang et al., 2017; Mishra et al., 2020; Wang et al., 2021). Developing highly efficient catalysts for the selective hydrogenation of HMF to DMF remains a challenge.
The current catalysts for the hydrogenation of HMF can be divided into two types: noble and non-noble metal catalysts. The most important feature of precious metals such as Pd, Pt, Ru, and Rh, is that they can achieve a high yield under mild conditions. Wang et al. (2018) obtained >90% DMF yields using Pt-Co bimetallic catalysts, while Zu et al. (2014) obtained 93.4% DMF yields using Ru/Co3O4 catalysts, and Zhang J et al. (2019) obtained 89.7% DMF yields using PdCl2 at room temperature. However, noble metal catalysts are limited by their scarcity and high cost. Therefore, there is an urgent need to develop low-cost, non-noble metal catalysts. Commonly used non-noble metals are Co, Cu, Ni, and Fe. Yang et al. (2019) obtained a 94.1% DMF yield using a synthetic Co/rGO catalyst at 200°C. Akmaz et al. (2019) prepared a Mn/Co bimetallic catalyst and obtained a DMF yield of 91.8%. Zhang Z et al. (2019) prepared a Co–CoOx catalyst and achieved a DMF yield of 83.3% after 12 h at 170°C. Generally, copper and cobalt are favorable for hydrogenation of C=O, C–O bond, bimetallic catalysts are more active than monometallic catalysts (Guo et al., 2021; Zhao et al., 2022). Although non-noble metal catalysts reduce the cost, they also introduce the disadvantages of requiring harsh reaction conditions and easy deactivation. Thus, the development of an efficient and stable non-noble metal catalyst is crucial. In addition, nitrogen-doped carbon materials have been widely used as catalyst supporter which can anchor and stabilize metal nanoparticles and promote electron transfer to improve the performance of catalysts (Wang et al., 2020; Guo et al., 2021). Based on the aforementioned information, in this study, a nitrogen-doped carbon-confined copper-cobalt bimetallic catalyst was synthesized using a two-step solvothermal-reducing calcination method. It can be observed that the catalyst has a popcorn-like structure, and the surface is evenly covered by carbon nanotubes, which provides more surface area for the contact between the catalyst and the substrate. It has been used in the selective hydrogenation of HMF to DMF and has achieved adequate results. The main paragraph text follows directly on here.
EXPERIMENTAL SECTION
Chemicals
Co (NO3)2•6H2O, 2-methylimidazole, 5-hydroxymethylfurfural (97.0%), 5-methylfurfural, 2-butanol, urea, and melamine were procured from Shanghai Macklin Biochemical Co. Cu (NO3)2•3H2O, methanol, tetrahydrofuran (THF), and isopropanol (IPA) were procured from Guangzhou Chemical Reagent Factory. Glucose was procured from Tianjin Zhiyuan Chemical Reagent Co. Ltd.
Preparation of the Catalyst
Copper-cobalt bimetallic catalysts were prepared using a solvothermal-reducing calcination method with 2-methylimidazole as the nitrogen sources and both 2-methylimidazole and glucose as the carbon sources. 3.69 g 2-methylimidazole, 0.5 g glucose, cobalt nitrate hexahydrate and copper nitrate trihydrate with different Cu/Co molar ratios (the amount of Co remains constant) were dissolved in 60 ml of methanol and stirred for 10 min to facilitate dissolution. This solution was then transferred to a 100 ml Teflon reactor and maintained at 120°C for 12 h. After cooling to room temperature, the solution was filtered five times with methanol and transferred to a vacuum drying oven, where it was allowed to stay overnight at 80°C. Subsequently, the obtained brown precursor powder was calcined in a tube furnace under a reducing H2 (5%)/N2 atmosphere at a rate of 2°C/min to 440°C for 8 h and then at a rate of 2°C/min to 900°C for 2 h to obtain the target Cu–Co bimetallic catalyst. The prepared catalyst was named xCuCo–IG (where x represents the molar ratio of copper to cobalt, I represents the nitrogen source 2-methylimidazole, G represents the carbon source glucose). The monometallic catalysts were named Cu-IG and Co-IG, respectively.
For comparison, catalysts with melamine or urea as the nitrogen source were prepared and named 2CuCo–MG and 2CuCo–UG, respectively. A catalyst without a nitrogen source (2CuCo–G) and a catalyst without glucose (2CuCo–I) were also prepared. The catalyst calcined in a N2 atmosphere was named 2CuCo–IG (N2).
Characterization
The X-ray diffraction (XRD) patterns of the powder samples were recorded using a BRUKER D8 ADVANCE diffractometer. X-ray photoelectron spectroscopy (XPS) data was measured using a Thermo ESCALAB 250Xi spectrometer. The specific surface area and porosity of the samples were obtained using a Micrometrics ASAP2460. The morphology of each sample was investigated using field emission scanning electron microscopy (SEM, SU8020), and the element mapping was performed using energy dispersive spectrometer (EDS). Transmission electron microscopy (TEM) and high-resolution transmission electron microscopy (HRTEM) images were obtained using a FEI Tecnai G2 F30. The Raman spectral profile was obtained using a Renishaw inVia at an excitation wavelength of 532 nm.
Test of Catalytic Activity
The catalytic performance in the hydrogenation of HMF was investigated in a stainless-steel autoclave. First, 0.2 g of the substrate (HMF), 0.02 g of the catalyst, and 0.05 g of toluene were dissolved in 30 ml of 2-butanol and subsequently poured into the reactor. After installation, hydrogen was purged at least eight times to remove air and charged with H2 at the corresponding pressure; the agitation speed was modulated to 400 rpm, followed by an increase in the temperature to the target temperature of 180°C. After the reaction was completed and cooled to room temperature, the reaction products were analyzed using the internal standard curve method to determine their conversion and selectivity with an Agilent 6820 gas chromatograph. The calculations for the conversion of HMF and DMF selectivity were performed as follows:
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where nt represents the molar amount of HMF after the reaction, n0 represents the molar amount of initial HMF, and ni represents the molar amount of the product after the reaction.
RESULTS AND DISCUSSION
Structural Analysis
First, the 2CuCo–IG catalyst precursor with a Cu/Co molar ratio of 2:1 was synthesized using a one-pot solvothermal reaction of metal salts, glucose (as the carbon source), and 2-methylimidazolem (as the nitrogen source and carbon source). Precursors mainly showed spherical structures with non-smooth surfaces (Figure 1A). Soon after the calcination under a H2 (5%)/N2 mixture atmosphere, the catalyst exhibited a popcorn-like structure with carbon balls uniformly covered by carbon nanotubes (Figure 1B). TEM and HRTEM images (Figures 1C,D) indicated that carbon balls were covered by carbon nanotubes, and Cu–Co metal particles were confined to the tips of the nanotubes with an average size of 6–8 nm. Figure 1D shows a lattice fringe of 0.209 nm attributable to the plane of Cu (111) (Liu J et al., 2020; Viar et al., 2020), and a lattice distance of 0.203 nm attributable to the plane of metallic Co (111) (Ma et al., 2020). In addition, the SEM and elemental images of Cu, Co, C in the 2CuCo–IG catalyst showed that copper and cobalt were uniformly dispersed throughout the catalyst (Figures 1E–H).
[image: Figure 1]FIGURE 1 | (A) SEM profiles of the precursor, (B) 2CuCo–IG obtained after the calcination of H2 (5%)/N2; (C,D) TEM and HRTEM profiles of 2CuCo-IG; (E–H) the SEM and elemental images of the catalyst 2CuCo–IG.
To investigate the reason for the formation of carbon nanotubes, we prepared catalysts such as 2CuCo–G (no nitrogen source added), 2CuCo–UG (nitrogen source replaced by urea), 2CuCo–MG (nitrogen source replaced by melamine), and 2CuCo–I (no glucose carbon source added). As shown in Supplementary Figures S2A–D, it can be observed that when the nitrogen source was changed, the catalyst structure also changes and no longer develops a popcorn-like structure. When no glucose carbon source was added, no spherical support structure was formed, but the carbon nanotubes still appeared (Supplementary Figure S2D), which indicates that carbon nanotubes are most likely formed during the calcination of 2-methylimidazole. The effect of the calcination atmosphere on the morphology of the catalyst was also investigated (Supplementary Figure S1). The carbon nanotubes on the catalyst calcined under a N2 atmosphere are fewer and significantly finer than those formed under a mixed atmosphere. This means that both the formation and morphologies of carbon nanotubes are highly dependent on the nitrogen source and the calcination atmosphere.
A series of copper-cobalt bimetallic catalysts was prepared with different Cu/Co ratios, and their XRD patterns are shown in Figure 2. The diffraction peaks at 43.3°, 50.4°, and 74.1° are attributed to metallic copper (PDF #89-4307) (Chen et al., 2020; Rao et al., 2020; Xu et al., 2021), and those at 44.2°, 51.5°, and 75.9° are attributed to metallic cobalt (PDF #89-2838) (Chen et al., 2017; Solanki and Rode, 2019). It can be observed that mono metal catalyst Cu–IG contains only metallic copper diffraction peak, while Co–IG catalyst contains only metallic cobalt diffraction peak. The CuCo bimetallic catalyst contains both metallic copper and metallic cobalt diffraction peaks, with an increase in the ratio of copper to cobalt, the diffraction peaks of both elements exhibited different variation trends. The diffraction peaks of metallic copper continuously increased as the proportion of metallic copper increased. The diffraction peaks of metallic cobalt also increased initially. However, when this ratio was exceeded 2.5, the diffraction peaks of metallic cobalt decreased. This shows that a suitable ratio of copper to cobalt can improve the crystal structure of metallic cobalt.
[image: Figure 2]FIGURE 2 | XRD patterns of the copper–cobalt bimetallic catalysts with different Cu/Co ratios.
The N2 adsorption/desorption curves of the catalysts are shown in Supplementary Figure S3. The existence of hysteresis loops indicated that the prepared catalysts were typical mesoporous materials. The specific surface area and pore size data are listed in Supplementary Table S1. Among the catalysts with different Cu/Co ratios, the 2CuCo–IG catalyst had the largest specific surface area, and the large pore volume and the adequate pore diameter improved contact, significantly improving the utilization of the catalyst.
The XPS profiles of the 2CuCo–IG catalyst are shown in Figure 3. Two peaks are visible at 284.8 and 286.0 eV in the high-resolution XPS spectrum of C 1s mainly corresponding to C–C and C–O–C (Xia et al., 2016; Rao et al., 2021). The peak near 289.0 eV is attributed to C–N in the catalyst (Figure 3A) (Liu L et al., 2020; Zhu K et al., 2020). Two peaks were visible at 398.6 and 401.2 eV in the high-resolution XPS spectrum of N 1s corresponding to pyridine N and graphite N (Figure 3B) (Hu et al., 2019). The elemental nitrogen content was determined to be 2.5% using XPS, including 15.0% pyridine nitrogen and 85.0% graphite nitrogen. The high-resolution XPS spectrum of Co 2p shows the characteristic peak of Co0 at 778.3 eV (Liu M et al., 2020), while the peak at 780.3 eV corresponds to CoOx (Figure 3C) (Zhu J et al., 2020). The diffraction peaks of Cu 2p1/2 and Cu 2p3/2 in the high-resolution XPS spectrum of Cu 2p were present at 952.3 and 932.3 eV; this indicates that the valence state of Cu is in the metallic phase (Figure 3D) (Kang et al., 2016), which is consistent with XRD results. The two peaks at 1350 and 1600 cm−1 in the Raman spectrum (Supplementary Figure S4) are the D and G bands, respectively (ID/IG = 0.9), indicating a relatively high degree of graphitization of carbon. It should be noted that high contents of graphitic carbon are conducive to the catalytic hydrogenation reaction (Gong et al., 2019).
[image: Figure 3]FIGURE 3 | XPS spectra of the catalyst 2CuCo–IG. (A) High-resolution spectra of C 1s, (B) N 1s, (C) Co 2p, and (D) Cu 2p.
Hydrogenolysis of 5-Hydroxymethylfurfural to 2,5-Dimethylfuran
The effects of the different carbon/nitrogen sources and calcination atmospheres on the catalyst activity were also investigated (Figure 4). Both the catalyst without the addition of a glucose carbon source (2CuCo–I) and that without the addition of 2-methylimidazole as a nitrogen source (2CuCo–G) exhibited very low DMF selectivity. When the nitrogen source was changed to urea or melamine, the selectivity of DMF was only 35.4 and 12.2%, respectively. This implies that both carbon and nitrogen sources are indispensable, and that the type of nitrogen source also has a significant impact on DMF selectivity. The 2CuCo–IG (N2) calcined in a N2 atmosphere showed 82.3% DMF selectivity which is lower than that of the 2CuCo–IG calcined in a H2 (5%)/N2 atmosphere. This may be because the reducing atmosphere is beneficial for formation and dispersion of metallic CuCo particles. As showed in Supplementary Figure S1, more nitrogen doped carbon nanotubes in which CuCo bimetal particles were confined were formed in the 2CuCo–IG catalyst because of lower depletion of carbon under reducing atmosphere than inert atmosphere. The calcination atmosphere is also benefit for the thorough reduction of Cu although the carbon also can partially reduction of Cu. On other hand, The ratio of Co0/CoOx in the 2CuCo–IG is higher than that in 2CuCo–IG (N2) although both of 2CuCo–IG and 2CuCo–IG (N2) catalyst contain metallic Co and oxidation state Co (Figure 3 and Supplementary Figure S5).
[image: Figure 4]FIGURE 4 | Effect of the different carbon/nitrogen sources and calcination atmospheres on catalyst performance. Reaction conditions: 0.2 g of HMF, 0.04 g of the catalyst, 30 ml of 2-Butanol, 2 MPa H2, 4 h, and an agitation speed of 400 rpm.
The effects of the different Cu/Co ratios on the catalyst activity are shown in Figure 5. HMF conversion was 79.8% and DMF selectivity was only 5.3% when a mono-copper metal was used as the catalyst, whereas 100% HMF conversion and 66.0% DMF selectivity were achieved when a mono-cobalt metal was used as the catalyst. All the CuCo bimetallic catalyst showed higher conversion and DMF selectivity than monometallic catalysts. The best proportion was obtained when the copper-to-cobalt ratio was 2, and a 93.7% DMF yield was achieved. By comparison, we speculated that there will be a synergistic effect between Cu and Co which played an important role in improving the catalytic performance.
[image: Figure 5]FIGURE 5 | Effects of different copper-cobalt ratios on HMF conversion and the DMF yield. Reaction conditions: 0.2 g of HMF, 0.04 g of the catalyst, 30 ml of 2-Butanol, 2 MPa H2, 4 h, and an agitation speed of 400 rpm.
The effects of the different reaction conditions on the catalytic activity of the selective hydrogenation of HMF to DMF were investigated (Figure 6). The selectivity of DMF increased when the temperature gradually increased, and the highest selectivity (93.7%) was obtained at 180°C. Further increasing the temperature will result in the deep hydrogenation of DMF in the C=C bond of the furan ring to form 2,5-Dimethyloxolane (DMTHF), resulting in a decrease in DMF selectivity (Figure 6A). The effect of the reaction time is comparable to that of the temperature (Figure 6B), and it shows the highest selectivity at 4 h. For the effect of the pressure factor, DMF selectivity rapidly increased when the pressure increased from 1 to 2 MPa; however, excessive pressure can also lead to overhydrogenation (Figure 6C). The effect of the reaction solvent on the activity is shown in Figure 6D. The use of different solvents caused dramatic changes in the activity level, which indicated that the solvent was present in the reaction. The effect of the solvent will be discussed in the following section. Overall, the catalyst showed the best performance when 2-butanol was used as the solvent.
[image: Figure 6]FIGURE 6 | Catalytic performance of HMF hydrogenolysis and distribution of products on the 2CuCo–IG catalyst over different reaction conditions. (A) 4 h, 2.0 MPa H2, 30 ml of 2-Butanol; (B) 180°C, 2.0 MPa H2, 30 ml of 2-Butanol; (C) 4 h, 180°C, 30 ml of 2-Butanol; (D) 4 h, 180°C, 2.0 MPa H2, 30 ml of 2-Butanol.
The cycling performance of the catalyst is shown in Figure 7. Since the catalyst itself is magnetic, it can be recovered easily after the reaction. After five cycles, no distinct decrease was observed in either HMF conversion or DMF selectivity. This indicates that the catalyst is highly stable and adequately reusable.
[image: Figure 7]FIGURE 7 | Catalyst cycling performance test. Reaction conditions: 0.2 g of HMF, 0.04 g of the catalyst, 30 ml of 2-Butanol, 2 MPa H2, 4 h, and an agitation speed of 400 rpm.
Reaction Pathway
The hydrogenation of HMF to DMF is divided into two main pathways: routes I and II (Figure 8) (Nakagawa et al., 2013; Qian et al., 2015; Wang Q et al., 2019). Route I is the hydrogenation and dehydration of HMF to produce MF, by further hydrogenation to produce MFA and finally DMF. Route II is the hydrogenation of HMF to produce DHMF, followed by hydrogenation and dehydration to produce MFA and finally DMF. DMF could also be transformed into DMTHF by the C=C hydrogenation in the furan ring. The results of the time optimization experiment (Figure 6B) showed that the intermediate product that appeared at 1 h was DHMF, indicating that the reaction process was route II.
[image: Figure 8]FIGURE 8 | Reaction pathways of the selective hydrogenation of HMF to DMF.
To further study the effect of the solvent on product selectivity and the role of Cu/Co at each step of the hydrogenation reaction, a series of hydrogenation reactions was designed using MF with an aldehyde group and a furan ring and MFA with a hydroxyl group and a furan ring as substrates (Tables 1, 2). When methanol was used as the solvent, the selectivity of DMF was lower than that when 2-butanol was used, in both the hydrogenation of MF and MFA. Furthermore, when methanol was used, more etherification occurred, and more condensation products were formed. This may be due to the steric effects of 2-butanol that suppressed etherification and condensation reactions and resulted in the target product DMF.
TABLE 1 | Effects of the different reaction conditions on MF conversion and products.
[image: Table 1]TABLE 2 | Effects of the different reaction conditions on MFA conversion and products.
[image: Table 2]The effects of the different Cu/Co ratios on the reaction process were investigated (Tables 1, 2). A series of hydrogenation reactions was designed using MF with an aldehyde group and a furan ring and MFA with a hydroxyl group and a furan ring as substrates. In the one and four lines of Table 1, it was observed that the higher the copper content, the higher the MF conversion and MFA selectivity in the hydrogenation reaction of MF, which indicates that metallic copper is active for the hydrogenation of C=O bonds. Meanwhile, the higher the cobalt content, the higher the MFA conversion and DMF selectivity in the hydrogenation reaction of MFA, which indicates that Co/CoOx is more active for the hydrogenation of C–O bonds. The synergistic effect of copper and cobalt promotes the whole hydrogenation process.
CONCLUSION
In summary, a popcorn-like nitrogen-doped carbon-confined CuCo bimetallic catalyst was prepared using a two-step solvothermal-reducing calcination method. The 2CuCo–IG catalyst performed well in the HMF selective hydrogenation to DMF with an HMF conversion of 100% and a DMF yield of 93.7%. The popcorn-like structure provided more active sites and electrons, and the confinement effect of nitrogen-doped carbon nanotubes and the synergistic effect of copper and cobalt were the main reasons for the high catalytic efficiency. The 2-butanol solvent not only provided hydrogen but also reduced the unwanted reactions of etherification and condensation using steric effects during the reaction. Meanwhile, the catalyst exhibited adequate recycling performance; thus, it can be reused.
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The catalytic hydrogenolysis of 5-hydroxymethylfurfural (HMF) to 2,5-dimethylfuran (DMF) is a promising route towards sustainable liquid fuels with a high energy density. Herein, a novel CuCoNiAl-containing mixed metal oxide catalyst (CuCoNiAl-MMO) was prepared by calcination a layered double hydroxide (LDH) precursor in N2 at 500 °C, then applied for the catalytic hydrogenolysis of HMF to DMF. The effects of reaction time, reaction temperature and hydrogen pressure on DMF selectivity were investigated. Under relatively mild reaction conditions (180°C, 1.0 MPa H2, 6.0 h), CuCoNiAl-MMO showed both a high initial activity and selectivity for hydrogenolysis of HMF to DMF, with HMF conversion rate of 99.8% and DMF selectivity of 95.3%. Catalysts characterization studies using scanning electron microscopy (SEM), transmission electron microscopy (TEM), X-ray diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) revealed the presence of various metal oxides and metallic copper on the surface of the CuCoNiAl-MMO catalyst, with the presence of mixed metal-oxide-supported metallic Cu nanoparticles being responsible good hydrogenolysis activity of the catalyst for selective DMF synthesis.
Keywords: 5-hydroxymethylfurfural, 2,5-dimethylfuran, hydrogenolysis, hydrotalcite, metal oxide
1 INTRODUCTION
Climate change caused by anthropogenic greenhouse gas emissions is a major environmental concern (Bond, Doherty et al., 2013). Most of these emissions are in the form of CO2 from the burning of fossil fuels for energy. Therefore, in order to reduce the harm to the environment and reduce the dependence on fossil fuel energy, the search for low-cost, safe, environmentally friendly, sustainable development of new energy has become a growing concern of people. Amongst fuels which can be produced sustainably, biomass derived products represent an excellent choice (Nakagawa et al., 2013; Zhang and Deng, 2015). Biomass can be converted into chemical energy and stored by photosynthesis, which is then converted into valuable chemicals and fuels by appropriate treatment methods. 5-Hydroxymethylfurfural (HMF), as a biomass platform compound readily obtained from sucrose and fructose, can be catalytically converted into a range of useful products, including 2,5-bis(hydroxymethyl)furan (DHMF), 1,6-hexanediol (HDO), 2,5-dimethyltetrahydrofuran (DMTHF), and 2,5-dimethylfuran (DMF) (Wang Q. et al., 2019). In these compounds, DMF is a liquid biofuel with high octane number, water insolubility, and high energy density. These characteristics are similar to many existing transportation fuels, making DMF an ideal and promising transportation liquid biofuel (Viar et al., 2019). The aldehyde group and hydroxymethyl group on the furan ring of 5-HMF are easy to react in the presence of catalyst and hydrogen donor, and hydrodehydration becomes DMF. In general, there are two possible reaction pathways for conversion of HMF into DMF, as shown in Figure 1. In Pathway 1, the aldehyde group on HMF is first hydrogenated to form DHMF, followed by hydrohydrolysis of the hydroxyl group on the furan ring to form 5-methylfurfuryl alcohol (5-MFA), an important reaction intermediate in the synthesis of DMF. In Pathway 2, the hydroxyl group in HMF hydrolyzes and dehydrates to generate 5-methylfurfural (5-MF), then the aldehyde group on 5-MF is hydrogenated to generate 5-MFA, after which the hydroxyl group on 5-MFA is further hydrolyzed to DMF.
[image: Figure 1]FIGURE 1 | Two reaction pathways for the hydrogenolysis of HMF to DMF.
To date, heterogeneous noble metal-based [such as Pt (Luo et al., 2016; Shi et al., 2016), Ru (Feng et al., 2020; Wang et al., 2020) and Pd (Nakagawa and Tomishige, 2010; Zhang J. et al., 2019)] catalysts offer the best all-round performance in the field of HMF hydrogenation to DMF. Luo et al. prepared a carbon-supported Pt3Ni alloy nanoparticle catalyst, which efficiently converted HMF to DMF (98% yield) at 3.3 MPa H2 and 160–200°C (Luo et al., 2016). Zu et al. prepared a Ru/Co3O4 catalyst by simple coprecipitation method. Under low reaction temperature and H2 pressure conditions (130°C, 0.7 MPa), the yield of DMF reached 93.4% (Zu et al., 2014). Mhadmhan et al. prepared a Cu-Pd bimetallic catalyst on reduced graphene oxide (RGO), which offered good performance for the hydrogenation of HMF to DMF with 2-propanol as a hydrogen donor (96% HMF conversion and 95% DMF yield) (Mhadmhan et al., 2019). However, the high cost of these noble metal-based based catalysts are obstacles for the large scale conversion of HMF to DMF, motivating the search for low-cost catalysts based on non-noble metals. Dinesh et al. synthesized a Ni-Cu/HT catalyst by the deposition precipitation method, achieving a DMF yield of 83% at 85°C, 0.6 MPa H2 pressure and 100 mg catalyst load (Gupta et al., 2020). Chen et al. prepared carbon-coated Cu-Co bimetallic nanoparticles (Cu-Co@Carbon) by heat-treating a bimetallic oxide precursor. The Cu-Co@Carbon catalyst afforded a DMF yield of 99.4% at 180°C and a H2 pressure of 5 MPa over 8 h in a batch reactor, which was superior to supported precious metal catalysts (Chen et al., 2017). Yang et al. prepared a 2%Ni-20%Co/C catalyst, which was capable of selectively producing DMF in a high yield (95%) from biomass-derived HMF under mild conditions (130°C, 1 MPa H2) (Yang et al., 2016). In these catalysts, synergies between the supported metals and the acid-base surface sites on the support promote the activation of hydrogen, thereby resulting in enhanced catalyst activity for the hydrogenolysis of HMF to DMF (Yang et al., 2016; Gupta et al., 2020).
Layered double hydroxides (LDHs), also known as hydrotalcite-like compounds (HTlcs), are a type of 2D layered material with general formula [(M2+)1−x (M3+)x (OH)2]x+(Am−x/m)·nH2O]. The LDH structure consists of positively charge sheets containing divalent and trivalent metal cations ions octahedrally coordinated by oxygen, with the interlayer region containing charge-balancing anions and water molecules. Calcination of LDH materials in air or an inert atmosphere above certain temperatures results in collapse of the 2D layered structure and the formation composite oxides (MMO) via topological transformation processes. Depending on the temperature and calcination environment, sometimes supported metal nanoparticle catalysts can be obtained. The LDH-derived catalyst obtained via these approaches typically possess the advantages of large specific surface area, high thermal stability and excellent dispersion of the metal and metal oxide phases (Xu et al., 2011; Mishra et al., 2018). Owing to the wide range of cations that can be accommodated in the LDH structure (e.g. divalent cations include Ca2+, Mg2+, Fe2+, Co2+, Mn2+, Ni2+, Cu2+, or Zn2+ and trivalent cations include Al3+, Fe3+, Co3+, and Ni3+), it is possible to make a diverse range of catalysts with different surface properties via this strategy. Zhang et al. used a hydrotalcite precursor to synthesize an inexpensive copper-based catalyst for the selective transfer hydrogenation of biomass-based HMF with methanol as both a solvent and hydrogen donor (Zhang and Chen, 2017). Ma et al. prepared a NiCoTi-8 catalyst by heat treatment of a NiCoTi-LDH precursor, with the catalyst offering good performance for the hydrogenolysis of HMF to DMF (Ma et al., 2020). Zhang et al. prepared a CuZnCoOx ternary catalyst, which converted HMF to DMF (yield 99%) in the presence of ethanol as a hydrogen donor (Zhang Z. et al., 2019). The intercalation of the small anionic metal complexes in the interlayer region of LDH provides a further approach for modifying the chemical composition and physical properties (e.g. specific surface area and surface acidity/basicity) of the LDH-derived MMO catalysts (Ma et al., 2011; Zhang J. et al., 2019; Qin et al., 2020). Tailoring the surface composition and surface properties of the catalysts is therefore a good approach for realizing a high HMF conversion and selective DMF production.
In this study, a four-metal hydrotalcite CuCoNiAl-LDH precursor was prepared by a one-pot hydrothermal method. After calcination at 500°C in a nitrogen environment, CuCoNiAl-MMO was obtained, which was then applied HMF hydrogenation to generate DMF. CuCoNiAl-MMO afforded a HMF conversion of 99.8% rate and DMF yield of 95.3% under mild conditions (180°C, 1.0 MPa H2), and could be recycled three times whilst maintaining stability. Characterization studies verified that the formation of MMO-supported zero-valent Cu and Co nanoparticles accounted for the excellent performance of the CuCoNiAl-MMO catalyst in the hydrogenolysis of HMF.
2 MATERIALS AND METHODS
2.1 Materials
Copper nitrate trihydrate (Cu(NO3)2·3H2O, ≥99%) was purchased from Aladdin Chemical Trading Co. Ltd. Cobalt (II) nitrate hexahydrate (Co(NO3)2·6H2O, ≥98%), nickel (II) chloride hexahydrate (NiCl2·6H2O, ≥98%), and 5-hydroxymethyl furfural (C6H6O3, ≥98%) were purchased from Shanghai D&B Biological Science and Technology Co. Ltd. Aluminum nitrate nonahydrate (Al(NO3)3·9H2O, >97%) was purchased from BASF Chemical Trading Co. Ltd. (TianJin, China). Urea (CO(NH2)2, ≥99.0%), ethanol absolute (CH3CH2OH, ≥99.7%), and tetrahydrofuran (C4H8O, ≥99.0%) were purchased from Tianjin Kaitong Chemical Reagent Co. Ltd. The experimental water was deionized water. The hydrogen used in the experiment was 99.9% pure.
2.2 Preparation of CuCoNiAl-MMO
First, the catalyst precursor CuCoNiAl-LDH was prepared using a hydrothermal method. Briefly, 0.01 mol Cu(NO3)2·3H2O, 0.01 mol Co(NO3)2·6H2O, 0.01 mol NiCl2·6H2O, 0.01 mol Al(NO3)3·9H2O and 0.15 mol of urea were dissolved in 100 ml of deionized water. The molar ratio of Cu/Co/Ni/Al was 1:1:1:1. The resulting solution was then stirred at room temperature for 1 h. Next, the solution was transferred to a 100 ml autoclave and hydrothermal reacted in an oven at 120°C for 6 h. After the reaction device was cooled to room temperature, the solid product was collected, washed with deionized water to pH = 7, and dried at 90°C for 10 h. The product obtained is denoted herein as CuCoNiAl-LDH. CuCoNiAl-MMO was obtained by calcination CuCoNiAl-LDH in a tube furnace at 500°C under a nitrogen atmosphere for 5 h. For reference purposes, several other LDH precursors (CoAl-LDH and CuCoAl-LDH) were also prepared, which yielded CoAl-MMO and CuCoAl-MMO, respectively, after calcination at 500°C in nitrogen environment.
2.3 Hydrogenation Tests
The catalytic hydrogenation experiments of HMF were carried out in a 50 ml autoclave. In a typical experiment, the reactor was charged with 0.25 g of HMF, 0.1 g of catalyst, and 10 ml of tetrahydrofuran (THF). To remove other gases, the reactor was purged three times with H2 before the reaction. Then, the reactor was charged with H2 (1.0 MPa). Reactions were carried out at 180°C for 6 h with stirring at 560 rpm. After the reaction, the reaction solution was collected, and the supernatant was collected by centrifugation. Biphenyl (0.1 g) was then added to the supernatant liquid as an internal standard. Finally, the liquid samples were analyzed on a Shimadzu GC-2010 gas chromatograph equipped with a AE-SE-54 column and a flame ionization detector (FID). The HMF conversion and product selectivities were calculated with reference to the internal standard.
2.4 Catalyst Recycling Tests
After the HMF hydrogentation test, the used solid catalyst was collected by centrifugation, washed with ethanol three times, then dried at 80°C in the oven. Finally, the catalyst was heated at 500°C for 5 h in a tube furnace before reuse.
2.5 Catalyst Characterization
SEM analysis was performed on NoVaTM Nano SEM 430 scanning electron microscope (FEI, United States) with electron acceleration voltage of 20 kV. High-resolution transmission electron microscopy (HRTEM) images were acquired on a FEI Tecnai G20 (United States) instrument with an accelerating voltage of 300 kV. The XRD patterns were obtained by Japanese Rigaku Smartlab SE XRD diffractometer, with Cu Kα source (λ = 0.154 nm, 40 kV) as the light source, and the scanning speed of data acquisition was 2°/min. TGA analysis was performed in air using a thermogravimetric analyzer (TA SDT Q600). The N2 flow rate was 100 ml/min and the heating rate was 10°C/min. FT-IR spectra were in the wavelength range of 4,000–400/cm and were collected on a Thermo Scientific Nicolet 380 spectrometer (United States). XPS maps were obtained on the K-alpha XPS system (Thermo Fisher Scientific, United States) equipped with a monochrome Al Kα source (hν = 1,486.6 eV). Binding energy scale calibration was performed using C 1s (284.8 eV). N2 adsorption and desorption isotherms at 77 K were measured on a Tristar 3,000 instrument (Micromeritics Instrument Corp). Samples were degassed at 373 K for 12 h before data acquisition. BET and BJH methods were used to calculate the surface area and pore volume of samples, respectively. Temperature-programmed desorption experiments of NH3 (NH3-TPD) were performed on an AutoChem II 2920 V5.02 instrument (Micromeritics instrument Corp). In the NH3-TPD experiment, 100 mg of the catalyst was pretreated under argon atmosphere at 300°C for 2 h to remove the surface adsorbed species. The catalyst was then cooled to 50°C and exposed to a 2000 ppm NH3/Ar atmosphere for 2 h to achieve NH3 adsorption saturation. Then the catalyst was reacted in 50 ml/min argon solution for 1 h, and finally the catalyst was heated from 50 to 800°C at a heating rate of 10°C/min. The thermal conductivity detector (TCD) detected the change of NH3 with temperature. Pyridine infrared (Py-IR) spectra were obtained by testing on a PE Frontier FT-IR spectrometer (PerkinElmer). The sample was vacuum-degassed at 350°C for 2 h, followed by adsorption of pyridine vapor (saturated vapor pressure) at room temperature for 0.5 h. For H2-TPR analysis, the catalyst was heated at 300°C for 2 h under a He atmosphere, then cooled to 50°C and kept at a flow of He (50 ml/min) for 1 h. Next, a mixed gas of 5% H2/He (50 ml/min) was introduced and the catalyst was heated from 50 to 800°C at a rate of 10°C/min. Elemental analysis data were collected by atomic emission spectrometer (ICP-AES).
3 RESULTS AND DISCUSSION
3.1 Catalyst Characterization
3.1.1 SEM
The morphologies of the CoAl-LDH, CuCoAl-LDH and CuCoNiAl-LDH precursors were first examined by SEM (Figure 2). The CoAl-LDH sample consisted of uniformly sized hexagonal platelets that were stacked on top of each other (Figure 2A). This structure is typical for LDH materials. The CuCoAl-LDH sample also contained stacked platelets, but the platelet size and shape were less uniform (Figure 2B). The morphology of CuCoNiAl-LDH was similar to that of CuCoAl-LDH (Figure 2C). CuCoNiAl-LDH was calcined under N2 at 500°C for 5 h to obtain CuCoNiAl-MMO (Figure 2D), which retained some of the stacked platelet structure of the LDH precursor.
[image: Figure 2]FIGURE 2 | SEM images of (A) CoAl-LDH, (B) CuCoAl-LDH, (C) CuCoNiAl-LDH, and (D) CuCoNiAl-MMO.
3.1.2 TEM
In order to better understand the structure and element composition of the CuCoNiAl-MMO catalyst, TEM and HRTEM analyses were performed. Figure 3A shows that CuCoNiAl-MMO retained some of the layered structure of the LDH precursor. HRTEM images of CuCoNiAl-MMO (Figures 3B,C) provided more detailed information about the components present in the sample. In Figure 3B, nanoparticles with lattice fringes of 0.218 and 0.270 nm are observed, corresponding to CoO (200) and NiO (110) planes, respectively (Zhu et al., 2018; Li et al., 2019). In Figure 3C, nanoparticles with lattice fringes of 0.209 and 0.252 nm are observed, which can readily be assigned to Cu (111) and CuO (002) planes, respectively (Gao et al., 2018; Luo et al., 2020). No obvious latticle fringes associated with an Al-containing phase were seen, suggesting that alumina was likely present in an amorphous phase (i.e. an amorphous alumina). Next, the element distribution in CuCoNiAl-MMO was probed by EDS element mapping analysis. As shown in Figure 3D, Cu, Co, Ni and Al were are evenly distributed throughout the catalyst, consistent with expectations for LDH-derived catalysts. Results suggests that the four metals (in their respective metallic an oxide forms) were in intimate contact and thus could potentially act synergistically to boost the catalytic activity of CuCoNiAl-MMO for HMF hydrogenation.
[image: Figure 3]FIGURE 3 | (A) TEM and (B), (C) HRTEM images of CuCoNiAl-MMO, (D) SEM-EDS image and corresponding element maps for CuCoNiAl-MMO.
3.1.3 XRD
Figure 4A shows XRD patterns for the LDH precursors. All show characteristic sets of (003), (006) and (012) reflections at 11.8, 23.7 and 34.8° typical for stacked LDH materials. After calcination at 500°C in N2, the characteristic reflections disappeared due to collapse of the LDH interlayers, and were instead replaced by peaks associated mainly with oxide phases, as shown in Figure 4B. The XRD patterns for CuCoNiAl-MMO, CuCoAl-MMO, and CoAl-MMO were similar, showing peaks at similar positions and peaks with the same relative intensities, consistent with the formation of spinel-like MAl2O4 oxides (Gao et al., 2018). The XRD pattern of CoAl-MMO contained peaks at 37.1, 59.5 and 65.5°, corresponding to the (311), (511) and (440) phases of CoAl2O4 (PDF#-38–0,814), respectively. In addition, further peaks were observed around 31.4° and 45.0°, typical for the (100) and (110) reflections, respectively, an Al-Co alloy (PDF#-29–0,021). The XRD patterns of CuCoAl-MMO, showed peaks at 37.1, 59.5 and 65.5°, corresponding to the (220), (311) and (440) crystal planes, respectively, of CuAl2O4 (PDF#-33–0,448). The presence of the Al-Co alloy was also evident by peaks at 31.4° and 45.0°. For CuCoNiAl-MMO, in addition to the CoAl2O4 and CuAl2O4 phases, peaks at 37.1, 59.5 and 65.5° might be due to the (311), (511) and (440) reflections of NiAl2O4 (PDF#-10–0,339). These overlap with peaks for CuAl2O4. By HRTEM, lattice fringes associated with Cu metal, NiO, CuO and CoO were seen. These phases were not detected by XRD, suggesting that were surface phases and present in relatively low abundance relative to the MAl2O4 and Al-Co phases. Cu2AlO4, CoAl2O4, and NiAl2O4 belong to the spinel phase, which are typical metal-based oxides with high catalytic activity, and their tetrahedral and octahedral centers provide multiple sites to accommodate different metal cations (Dasgupta et al., 2016; O'Quinn et al., 2017; Qi et al., 2022). In addition, the spinel phase is thermally stable, which can make the structure of the catalyst more stable (Ma et al., 2011). The Al-containing component acts both as a carrier and as a physical spacer to suppress the aggregation of metal particles, thereby ensuring high dispersion (Gao et al., 2018).
[image: Figure 4]FIGURE 4 | XRD patterns for (A) CuCoNiAl-LDH (i), CuCoAl-LDH (ii) and CoAl-LDH (iii), and (B) CuCoNiAl-MMO (I), CuCoAl-MMO (ii) and CoAl-MMO (iii).
3.1.4 XPS
The valence states of the metals in the CuCoNiAl-MMO catalyst were probed by XPS. The survey spectrum of CuCoNiAl-MMO is shown in Figure 5A, revealing the presence of Cu, Co, Ni, Al and O elements. The Cu 2p XPS spectrum showed three characteristic sets of peaks, each having a 2:1 area ration for the 2p3/2 and 2p1/2 peaks. The Cu 2p3/2; Cu 2p1/2 and satellite peaks at 932.6, 952.5 and 942.1 eV, respectively, indicate the presence of Cu species exists in the form of Cu0 (2p3/2 = 932.8 eV, 2p1/2 = 952.5 eV) and Cu2+ (2p3/2 = 934.5 eV, 2p1/2 = 954.3 eV) in CuO or Cu2AlO4 (Figure 5B) (Shang et al., 2020; Umasankar et al., 2020). The Co 2p XPS spectrum (Figure 5C) showed two distinct sets of peaks: Co2+ (2p3/2 = 781.9 eV, 2p1/2 = 796.8 eV) and Co3+ (2p3/2 = 780.3 eV, 2p1/2 = 795.2 eV). In addition, two Co 2p shake-up satellites were observed at 787.8 and 803.5 eV (Liao et al., 2020). Therefore, it can be concluded that cobalt exists mainly existed in the form of oxides in the near surface region of the sample (CoAl alloys seen by XRD may have been surface oxidized). The Ni 2p XPS spectrum (Figure 5D) showed peaks at 855.2 and 873.1 eV (2:1 area ratio), which can be easily assigned to the Ni 2p3/2 and Ni 2p1/2 peak, respectively of Ni(II) (Ma et al., 2020) in NiO or NiAl2O4. The presence of shake-up satellite peaks in the Ni 2p spectrum further confirmed the presence of Ni2+. The Al 2p spectrum (Figure 5E) can be deconvoluted into two Gauss-Lorentz sub-peaks at 73.8 and 74.7 eV (2:1 area ratio), which were assigned to an Al3+-containing oxide species (2p3/2 and 2p1/2, respectively) (Motamedi and Cadien, 2014). The O 1s (Figure 5F) XPS spectrum for CuCoNiAl-MMO contained peaks due to lattice oxygen in metal oxides (529.9 eV) and -OH (531.5 eV). The XPS data are basically consistent with the XRD characterization results.
[image: Figure 5]FIGURE 5 | XPS spectra for CuCoNiAl-MMO samples: (A) survey spectrum; (B) Cu 2p spectrum; (C) Co 2p spectrum; (D) Ni 2p spectrum; (E) Al 2p spectrum and (F) O 1s spectrum.
3.1.5 TG–DTA
Figure 6 shows the TG-DTA curve obtained by calcination CuCoNiAl-LDH in N2. A large mass loss was observed around 242°C, resulting from the removal of water from the LDH interlayer (Ardanuy and Velasco, 2011). Greater mass loss occurred between 242–353°C, which is associated with dehydroxylation of LDH flakes and decomposition of nitrate/carbonate anions in the interlayer (Zheng and Chen, 2017). Above 353°C, the product was stable against large mass losses. Based on the TG-DTA curves, a temperature of 500°C was selected for the preparation of the CuCoNiAl-MMO catalyst.
[image: Figure 6]FIGURE 6 | TG-DTA curves for CuCoNiAl-LDH in N2. The heating rate was 10°C/min.
3.1.6 FT-IR
Figure 7 shows the FT-IR spectra for CuCoAl-LDH, CuCoNiAl-LDH, CuCoAl-MMO, and CuCoNiAl-MMO. The FT-IR spectra of CuCoAl-LDH and CuCoNiAl-LDH showed a broad absorption peak at 3,432 cm−1, due to O-H stretching vibrations of the hydroxyl groups and water in the LDH interlayer region. The bending vibration of the interlayer water molecules occurs at 1,634 cm−1. The peaks at 799 cm−1 and 1,357 cm−1 belong to the stretching of CO32− (Zheng and Chen, 2017) ions in the LDH interlayer. In an aqueous solution containing dissolved CO2, the interlayer nitrate of LDHs are easily exchanged for carbonate (Auxilio et al., 2008). After calcination at 500°C, the sharp absorption peak representing CO32− disappeared completely. New features appeared below 800 cm−1, which are related to M-O stretching vibrations (Li et al., 2017). This further proves that oxide phases were the main product of LDH calcination in N2.
[image: Figure 7]FIGURE 7 | FT-IR spectra for CuCoAl-LDH (A), CuCoNiAl-LDH (B), CuCoAl-MMO (C) and CuCoNiAl-MMO (D).
3.1.7 Specific Surface Area
The specific surface area and porosity of CuCoNiAl-LDH and CuCoNiAl-MMO were determined by N2 physisorption at 77 K. Table 1 shows the specific surface area and pore size distribution data of CuCoNiAl-LDH and CuCoNiAl-MMO calculated by Brunauer Emmett Teller (BET) and Barrett Joyner Halenda (BJH) methods, respectively. The BET specific surface area of CuCoNiAl-MMO was 2.5 times higher than that of the LDH precursor. The BJH cumulative pore volume of CuCoNiAl-MMO was 1.74 times that of CuCoNiAl-LDH, consistent with the former containing smaller mesopores. Results show that the collapse of the laminate structure in CuCoNiAl-LDH with calcination to 500°C resulted in a solid product with a high surface area and abundant pores (Ma et al., 2011), as is evident in the SEM image of CuCoNiAl-MMO in Figure 2D.
TABLE 1 | Summary of N2 physisorption-data for CuCoNiAl-LDH and CuCoNiAl-MMO.
[image: Table 1]3.1.8 H2-TPR
H2-TPR spectra for the four catalysts, CoAl-MMO, CuCoAl-MMO, CuCoNiAl-MMO and CuCoNiAl-MMO-3 (the aged catalyst after three cycles of HMF hydrogenation) are shown in Figure 8. For the CoAl-MMO sample (curve a), two H2 consumption peaks are observed at 216 and 510°C. The first peak at 216°C is due to the reduction of Co3O4 to CoO, and the second peak at 510°C is due to the reduction of CoO to metallic cobalt (Zu et al., 2014). For CuCoAl-MMO, three reduction peaks are found. The peaks are associated with the two step reduction of Cu2+ to Cu+ to Cu (Gao et al., 2018) and the higher temperature peak with the reduction of Co2+ (i.e., partial reduction of CuAl2O4/Co2AlO4 (Koso et al., 2009; Shi et al., 2016)). The lowering of the reduction temperature for the Co2+ to Co metal transition in the presence of Cu2+ may be due to the strong interaction between Cu2+ and the Co/Al oxide matrix (Wang X. et al., 2019). Thee reduction peaks were seen in H2-TPR spectrum of CuCoNiAl-MMO (curve c) at 162, 225 and 487°C. The peak at 162°C is due to the reduction of CuO to Cu+, the peak at 225°C to the reduction of Co3+ to Co2+ (as CoO), and the peak at 487°C to the reduction of CoO to cobalt metal. Based on the results, in can be concluded that cobalt in the samples is closely associated with copper and nickel. These interactions promote the reduction of Co and were expected to modify the performance of the catalyst (Gupta et al., 2020; Umasankar et al., 2020). The used CuCoNiAl-MMO-3 catalyst showed TPR peaks at 330, 418, and 680°C. These peaks are discussed below.
[image: Figure 8]FIGURE 8 | H2-TPR curves for (A) CoAl-MMO, (B) CuCoAl-MMO, (C) CuCoNiAl-MMO, and (D) CuCoNiAl-MMO-3.
3.2 Catalytic Performance Analysis
3.2.1 Catalyst Performance Tests
Following the catalyst characterization studies, the catalytic performance of the three catalysts CoAl-MMO, CoNiAl-MMO, CuCoAl-MMO and CuCoNiAl-MMO for the conversion of HMF to DMF was studied. Experiments used tetrahydrofuran as the solvent, 1.0 MPa H2, reaction temperature 180°C for 6 h. Table 2 compares the performance of the different catalysts. The conversion rate of HMF and the selectivity to DMF on the CoAl-MMO catalyst were both very low, with the reaction producing mainly intermediate products. CoNiAl-MMO and CuCoAl-MMO were prepared by introducing Ni and Cu elements into the catalyst, respectively. The conversion rate of HMF was improved, and the selectivity of DMF was also significantly improved. Combining the four metals, the CuCoNiAl-MMO catalyst offered outstanding performance, with a HMF conversion of 99.8% and the selectivity of DMF is 95.3%. Therefore, CuCoNiAl-MMO is an excellent catalyst for this hydrogenation reaction.
TABLE 2 | Performance comparison of different catalysts for the selective hydrogenolysis of HMF.
[image: Table 2]3.2.2 Exploration of Experimental Conditions
In order to further investigate the excellent catalytic performance of CuCoNiAl-MMO for the selective hydrogenation of HMF to DMF, we explored the effects of reaction time, temperature and H2 pressure on the reaction (Figures 9A–C). Figure 9A shows the effect of reaction time. We analyzed the reaction mixture at reaction times of from 10 min to 6 h. The conversion of HMF and the selectivity to DMF increased gradually over the first 4 h, with the HMF conversion plateauing from 4–6 h. At 6 h, the HMF conversion and selectivity to DMF were 99.8 and 95.3%, respectively. Intermediates such as 5-MF, 5-MFA decreased with reaction times, whereas the by-product 2,5-hexanedione (2,5-HD) formed at the longer reaction times. Figure 9B shows the effect of reaction temperature on HMF hydrogenation over the CuCoNiAl-MMO catalyst. In the temperature range of 150–180°C, the conversion rate of HMF and the selectivity to DMF gradually increased with the increase of temperature, whilst the content of 5-MF and 5-MFA progressively decreased. The reaction was optimal around 180°C. Above 180°C, the content of the intermediate products (5-MF) and by-products (2,5-HD) increased, since DMF can be hydrogenated to generate 2,5-HD. Figure 9C shows the influence of hydrogen pressure on HMF hydrogenation over the CuCoNiAl-MMO catalyst. When no hydrogen was in the reaction system, the conversion rate of HMF is almost negligible. The conversion rate of HMF and the selectivity of DMF both increased with an increase in the hydrogen pressure, with the best catalyst activity and selectivity to DMF being obtained at a hydrogen pressure is 1.0 MPa. When the hydrogen pressure increased further, DMF was hydrogenated to 2,5-HD, the lowering the selectivity to DMF. Therefore, considering the safety of the experiment, we chose hydrogen pressure of 1.0 MPa for subsequent catalytic tests. Based on the results, we could deduce the reaction path of HMF conversion into DMF. HMF hydrogenolysis dehydration produces 5-MF, with the 5-MF then hydrogenated to produce 5-MFA. Finally, 5-MFA is further hydrogenolyzed into DMF. In addition, we also tested the recycling performance of the catalyst (Figure 9D). After three cycles use of the catalyst, the catalytic performance dropped significantly. The reasons for the deactivation of the catalyst are discussed below.
[image: Figure 9]FIGURE 9 | Effect of (A) reaction time, (B) temperature, (C) H2 pressure, and (D) catalytic test runs on the HMF hydrogenation performance of CuCoNiAl-MMO. Reaction conditions: (A) 0.1 g catalyst, 1.0 MPa H2, 0.25 g HMF, 180°C (B) 0.1 g catalyst, 1.0 MPa H2, 0.25 g HMF, 6 h (C) 0.1 g catalyst, 0.25 g HMF, 6 h, 180°C, and (D) 0.1 g catalyst, 1.0 MPa H2, 0.25 g HMF, 6 h, 180°C.
3.2.3 ICP-AES
In order to explore the reason why the catalytic performance of CuCoNiAl-MMO catalyst decreased sharply after three cycles of HMF hydrogenation tests, ICP-AES was used to probe the bulk chemical composition of CuCoNiAl-MMO and CuCoNiAl-MMO-3, with the aim of identifying any element losses during the catalyst tests. As shown in Table 3, the concentrations of Co and Al decreased significantly after three cycles of catalyst tests. Among them, Co is an important active metal, and its reduction affects the catalytic performance of the catalyst. The Al-containing component as a carrier has the effect of inhibiting the aggregation of metal particles and ensuring high dispersibility, and its reduction reduces the stability of the catalyst structure, thereby affecting the performance of the catalyst.
TABLE 3 | The concentration of Cu, Co, Ni, Al in CuCoNiAl-MMO and CuCoNiAl-MMO-3 catalysts.
[image: Table 3]Figure 10 shows SEM images for the fresh and used CuCoNiAl-MMO catalyst. After the three test cycles, the resulting CuCoNiAl-MMO-3 catalyst had a denser structure with smaller sheet sizes. This might have reduced the availability of active sites on the catalyst surface, thereby reducing the hydrogenation performance. In addition, the CuCoNiAl-MMO-3 catalyst was also characterized by H2-TPR to study the changes caused by the catalytic tests. Figure 8 (curve d) shows that the reduction peaks moved to high temperature using the catalyst three times for HMF hydrogenation (i.e., the surface species were less reducible compared to the fresh catalyst). This was likely due to particle aggregation and a change in the type of metal/oxide species on catalyst surface.
[image: Figure 10]FIGURE 10 | SEM images of (A) CuCoNiAl-MMO, (B) CuCoNiAl-MMO-3.
3.2.4 NH3-TPD
NH3-TPD was used to examine the acid sites on the surface of CuCoNiAl-MMO and CuCoNiAl-MMO-3. Results are shown in Figure 11A. Based on the NH3 desorption temperature, the strengths of the acidic sites can be classified as weak (<250°C), medium (250–400 C), and strong (>400 C) (Srivastava et al., 2017). Both CuCoNiAl-MMO and CuCoNiAl-MMO-3 showed NH3 desorption peaks in the 100–200 C, 300–500 C, and 500–800 C regions, indicating that each catalyst contained weak acid, medium acid and strong acid sites. After three cycles of use, the amount of strong acid sites in the catalyst increased significantly. Strong acid sites are involved in C-C bond cleavage reactions such as catalytic cracking, skeletal isomerization, transalkylation, and disproportionation. Weak acid centers are involved in reactions of C-H bond cleavage, such as hydrogen transfer, hydration, cyclization, alkylation, etc. However, if the catalyst is too acidic, it will be deactivated by carbon deposition. Therefore, the abundance of strong acid sites is not conducive for HMF hydrogenolysis to DMF. Next, pyridine adsorption infrared tests (Py-IR) were conducted. As shown in Figure 11B, it can be seen that CuCoNiAl-MMO has more acidic sites for adsorption than CuCoNiAl-MMO-3. Both catalysts showed bands at 1,445 cm−1 and 1,488 cm−1, consistent with the adsorption of pyridine on Lewis acid sites. In addition, a weak absorption peak at 1,540 cm−1 was seen due to pyridine adsorption on Brønsted acid (B) sites. The adsorption band at 1,596 cm−1 arises from hydrogen bonding between pyridine and OH (Brønsted acid center) (Zhao and Lercher, 2012). Notably, the amount of Lewis acid and Brønsted acid sites determined by Py-IR on the catalysts were much lower compared with those identified by NH3-TPD analysis, consistent with the presence of a large quantity of acidic OH groups on the surface of the catalysts (Zhang and Chen, 2017). In the presence of acid groups on the catalyst surface, the hydroxyl group (-CH2-OH) in HMF preferentially undergoes a dehydroxylation reaction to form 5-MF (Guo et al., 2020).
[image: Figure 11]FIGURE 11 | Characterization of surface acidity of the different catalysts. (A) NH3-TPD (B) Py-IR spectra for CuCoNiAl-MMO and CuCoNiAl-MMO-3.
3.3 Experimental Principle Exploration
Figure 12 illustrates a possible reaction mechanism for the hydrogenation of HMF on CuCoNiAl-MMO. There are two general ways to hydrogenate HMF to produce DMF (Figure 1). Route 1: The aldehyde group on HMF is hydrogenated to generate DHMF, after which the -OH on DHMF is hydrogenated and dehydrated to form 5-MFA, and finally, the -OH on 5-MFA is then hydrogenated and dehydrated to form the final product DMF. Route 2: Hydrogenation and dehydration of -OH on HMF to produce MF, hydrogenation of the aldehyde group on 5-MF to produce 5-MFA, and -OH on 5-MFA hydrogenated and dehydrated to produce the final product DMF. Both approaches have a common intermediate product 5-MFA. Our experiments identified 5-MF is the intermediate product with no DHMF being detected, thus the CuCoNiAl-MMO catalyst uses route 2: HMF→5-MF→5-MFA→DMF. As shown in Figure 12: First, the metal nanoparticles (Cu) and Lewis acid sites (CoOx) on the catalyst surface can activate H2 and -CH2OH, respectively. The oxygen in hydroxymethylfurfural -CH2-OH is activated by Lewis acid sites (CoOx) and then attacked by H atoms created by the metal nanoparticles (Cu), leading to hydrodeoxygenation to 5-MF. Secondly, the aldehyde groups in 5-MF were activated by the oxygen vacancies formed by Co2+, and hydrogenated to form 5-MFA. Finally, the -OH hydrodehydration on 5-MFA produces DMF, which is the final product. As a carrier, NiAl-MMO can isolate metal crystallites, inhibit sintering and increase the specific surface area of the catalyst. In addition to the main reaction pathways, 2-hexanol and 2,5-HD are formed as by-products from DMF hydrogenation.
[image: Figure 12]FIGURE 12 | Reaction mechanism for DMF formation by HMF hydrogenolysis on CuCoNiAl-MMO.
4 CONCLUSION
A CuCoNiAl-MMO catalyst was successively prepared by calcination a CuCoNiAl-LDH precursor at 500°C for 5 h in N2. The developed CuCoNiAl-MMO catalyst offered excellent initial atctivity and selectivity for the hydrogenolysis of HMF to DMF under very mild conditions (tetrahydrofuran solvent, 180°C for 6 h, 1.0 MPa H2). Under these conditions, CuCoNiAl-MMO afforded a HMF conversion rate of 99.8% and the DMF selectivity of 95.3%. Loss of Co and Al during the catalytic tests, together with densification of the catalyst structure and an increase in the amount of strong acid sites, meant that the initial catalytic activity was lost after three cycles of catalytic tests. LDH precursors offer a facile route to prepare highly active catalysts for HMF hydrogenation to DMF under mild conditions, though further work is needed to stabilize the structure/activity of the initially formed MMO-based catalysts.
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The titania nanotubes-bonded sulfamic acid (TNTs-NHSO3H) catalyst was designed and successfully fabricated by the post-synthesis modification method. The as-prepared catalyst was characterized by a variety of characterization techniques, including Fourier transform infrared (FT-IR) spectroscopy, X-ray photoelectron spectroscopy (XPS), transmission electron microscopy (TEM), scanning electron microscopy (SEM), X-ray diffraction (XRD) analysis, and thermogravimetry-differential thermal gravimetry (TG-DTG). The crystal structure of the TNTs still maintained during the modification process. Although the BET surface area was decreased, the amount of Brønsted acid sites can be efficiently fabricated on the TNTs. The catalytic activity of TNTs-NHSO3H was examined for the synthesis of n-butyl levulinate (BL) from levulinic acid (LA) and furfuryl alcohol (FA). A relatively high selectivity (99.6%) at 99.3% LA conversion was achieved for esterification of levulinic acid owing to the strong Brønsted acidity sites. And also, the TNTs-NHSO3H catalyst exhibited a higher reactivity for alcoholysis of FA and the yield of BL reached 90.4% with 100% FA conversion was obtained under the mild conditions.
Keywords: TiO2 nanotubes, heterogenous catalyst, levulinate esters, esterification, alcoholysis
INTRODUCTION
The increasing worldwide fossil fuel consumption and the increasing greenhouse gases emission and other environmental hazards have prompted people to seek other energy sources. The efficient conversion of available and diverse biomass resources into biofuel is an attractive and promising strategy (Gaurav et al., 2017; Alonso et al., 2010). Levulinate esters (LAEs), as a typical representative derived from the bio-based feedstock, have received significant attention. Because they have strong stability, high lubricity, good fluidity, and low combustion oxygen demand, which are similar to fatty acid methyl esters in biodiesel (Christensen et al., 2011). In addition, levulinate esters are one of the most potential platform compounds since their molecular structure contains a carbonyl and ester groups which have high reactivity and can be further applied to produce many important chemicals, such as γ-valerolactone (Zhang et al., 2020) and pyrrolidone (Shen et al., 2019). Furthermore, alkyl levulinates are also the crucial chemicals for other industrially important applications, such as green solvents, plasticizers, and flavoring agents (Wu et al., 2021). Hence, the synthesis of levulinate esters has received abundant attention in recent years from academia and industry, and increasing effort has been devoted to the development of synthetic pathways, the design of novel and efficient catalysts, and optimizing the catalytic process (Démolis et al., 2014).
Up to now, there are several developed potential pathways for the synthesis of LAEs in the presence of various acid catalysts (Tian et al., 2021; Liu et al., 2020). Commercially the acid-catalyzed reactions are largely carried out by different mineral acidic catalysts such as H2SO4, HCl, and H3PO4, which often suffer from severe corrosion, product separation and purification, waste, and safety problems. From the practical point of view, readily separated and recovered heterogeneous catalysts, therefore, are more environmentally friendly would be desirable. Among heterogeneous catalysts, TiO2 nanotubes (TNTs) materials have attracted extensive attention owing to their chemical stability, large surface area, non-toxicity, and low production cost (Roy et al., 2011). In the past few years, TNTs synthesized by a simple alkaline hydrothermal treatment have been used as a solid acid catalyst for various acid-catalyzed organic transformations (Kitano et al., 2010; Li et al., 2015; de Carvalho et al., 2017). The amount and strength of origin acid sites on the TNTs, however, would be limited in the catalytic applications (Adeleye et al., 2021). It is worth noting that TNTs have a high concentration of hydroxyl groups (–OH) on the surface, which makes them flexible in functionalization with a wide range of organic groups, particular with organosiloxane agents. 3-Aminopropyltrimethoxysilane (APTMS) (Duong et al., 2018), 3-aminopropyltriethoxysilane (APTES) (Pontón et al., 2014), [1-(2-amino-ethyl)-3-aminopropyl]trimethoxy silane (AAPTS) (Wang et al., 2013), octadecyltrimethoxysilane (OTS) (Chao et al., 2013), and octadecyltrichlorosilane (ODS) (Niu and Cai, 2009) have been reported in the literature as chemical modifiers of the TNT surface. Furthermore, hydrothermally synthesized TNTs can be further functionalized by the integration of acidic functional groups to increase the acidity of TNTs in our previous work (Zhou L. et al., 2018; Zhou et al., 2019; Zhou et al., 2022). These studies mean that TNTs as a support material that can be rationally designed and modified as a much higher performance solid acid catalyst, which would bring a wide range of catalytic applications. Moreover, hybrid organic-inorganic materials in the catalytic reaction can provide a synergic and cooperative behavior toward chemo selective and favorable products with high yields (Wight and Davis, 2002).
In pursuit of our recent studies to develop hybrid organic-inorganic solid acid catalysts, the TiO2 nanotubes surface was first functionalized with NH2 groups through the APTMS grafting and the SO3H groups were covalently linked to surface NH2 groups by using chlorosulfonic acid as a sulfonating reagent. In the present work, schematic procedures for surface modification on TiO2 nanotubes through chemical treatment are presented in Scheme 1. The physicochemical properties of the synthesized TNTs-NHSO3H catalyst were characterized by FT-IR, XPS, SEM, TEM, XRD, TGA, and N2 physisorption techniques. The potential catalytic activity of TNTs-NHSO3H was investigated in the synthesis of high value-added n-butyl levulinate from esterification of levulinic acid (LA) and alcoholysis of furfuryl alcohol (FA), respectively.
[image: Scheme 1]SCHEME 1 | Preparation steps for fabricating titania nanotubes-bonded sulfamic acid.
EXPERIMENTAL
Materials
TiO2 nanoparticles (anatase, >99.9%), 3-amino-propyltrimethoxysilane (APTMS), LA, and FA were purchased from Aladdin (Shanghai, China) and used as received. Toluene was purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China) and was freshly distilled before use. Other reagents were of analytical grade and used without further purification. Experimental water was prepared by a Millipore Milli-Q pure water system.
Catalyst Preparation
Preparation of TNTs
TNTs were synthesized by a hydrothermal synthesis method, according to the reported literature with some slight modifications (Kasuga et al., 1999). 2.0 g of TiO2 nanoparticles with a particle size of 60 nm were mixed with 60 ml of 10 mol/L NaOH aqueous solution, followed by hydrothermal treatment at 150 C in a Teflon-lined autoclave for 24 h. After cooling, the treated powders were thoroughly washed with 0.1 mol/L HCl and water until the pH value of the washing solution reached 7.0, and subsequently filtered by 0.22 μm filters and dried one night at 80 C under vacuum. The obtained material is labeled as TNTs.
Preparation of TNTs-NHSO3H
1 g of TNTs was suspended in 20 ml of dry toluene in a 50 ml round-flask and then 3-amino-propyltrimethoxysilane was added. The mixture was refluxed by stirring for 24 h. After the reaction was finished, the solid product was collected by centrifugation, washed three times with chloroform and acetone, respectively, and then dried in a vacuum oven at 80°C. The obtained solid powder was preloaded with 30 ml of dry dichloromethane in a suction flask equipped with a constant-pressure dropping funnel. A certain amount of chlorosulfonic acid was added dropwise over a period of 30 min at room temperature while the mixture was stirred slowly in an ice bath. After the addition was completed, the mixture was further stirred for 4 h. Then, the dichloromethane was removed, and the solid sample was washed with ethanol and dried in a vacuum at 70 C. The resultant solid was designed as TNTs-NHSO3H.
Characterization
Fourier transform infrared spectra (FT-IR) of the samples were collected by the KBr pellet technique on a Nicolet 370 infrared spectrophotometer (Thermo Nicolet, American) in the range 500–4,000 cm−1. X-ray photoelectron spectroscopy (XPS) was tested by a Thermo fisher scientific using Mono Al Kα radiation, and binding energies were calibrated at 12.0 kV and 6.0 mA, respectively. The morphologies of the catalyst were investigated by using transmission scanning microscopy (TEM) with an acceleration voltage of 200 kV (JEOL 2100, Japan). The surface morphology of the TNTs-NHSO3H catalyst was observed using a scanning electron microscope (SEM, Carl Zeiss Sigma-HD). X-ray diffraction (XRD) studies were carried out using a Bruker diffractometer with Cu Kα radiation to survey the crystal structure over a 2θ range of 10–80°. N2 adsorption-desorption isotherms were recorded with an ASAP 2400 physisorption instrument made by Micromeritics Corporation (American). Prior to measurement, all samples were dried under vacuum at 333 K for 24 h. Pore size distribution was calculated using the Barrett–Joyner–Halenda (BJH) method. Thermogravimetric analysis (TGA) curves were recorded in airflow on a Netzsch Model STA 409 PC instrument with a heating rate of 20K/min from room temperature to 973 K using α-Al2O3 as the standard material. The number of acid sites in each sample was determined by the acid-base titration method.
Catalytic Test
Esterification of LA With n-Butanol
In a typical procedure, the mixture of LA (3 mmol) and n-butanol (30 mmol) together with the catalyst (5 wt% of LA) were added to a round-bottom flask and was heated at the required reaction temperature in an oil bath under solvent-free condition. At periodic intervals, 0.2 ml of the reaction solution was withdrawn and centrifuged to separate the catalyst and was analyzed by Gas chromatography (GC).
Alcoholysis of FA With n-Butanol
In a typical run, 1 mmol of FA and 5 ml of n-butanol together with a prescribed amount of the catalyst were added to a 25 ml round bottom flask equipped with a reflux condenser under atmospheric pressure. The round bottom flask was heated in an oil bath at reaction temperatures ranging from 90–120°C. At periodic intervals, the reaction mixture was withdrawn and centrifuged to separate the catalyst and was analyzed by Gas chromatography (GC).
Reaction Intermediates Analysis
The reaction intermediates were identified by GC–MS, a Shimadzu GC system equipped with a capillary (30 m length, 0.32 mm internal diameter, 0.25 μm film thickness). Mass spectrometer conditions were: ionization mode: EI, electron energy 70 Ev; interface temperature: 250°C; ion source temperature: 200°C; mass scan range: 40–640 m/z, solvent delay 3.0 min. The flow rate of the carrier gas (helium) was 1.0 ml min−1. A split ratio of 1:50 was used for the injection of 0.2 μl of the solutions. The NIST05 S.LIB library was used for the mass spectrum analysis.
RESULTS AND DISCUSSION
Characterization of Catalyst
FT-IR spectra for TNTs and TNTs-NHSO3H samples are presented in Figure 1. Generally, the broad peak present around 3,214–3,600 cm−1 and the low-intensity peak at 1,630 cm−1 are attributed to the stretching vibration of interlayer water molecules and surface OH groups, respectively. In the case of TNTs, the band below 1,200 cm−1 is attributed to Ti-O-Ti vibration and the peak around 490 cm−1 can be interpreted as the crystal lattice vibration of TiO6 octahedra (Silva et al., 2017). The new absorption peaks in the frequency range of 2,800–2,960 cm−1 in the TNTs-NHSO3H catalyst are ascribed to the C-H vibration of the aminopropyl segment (Pontón et al., 2014). The peak around 986 cm−1 could be interpreted as the Ti-O-Si band. Meanwhile, the band at 1,039 cm−1 is ascribed to Si-O stretching vibration. The peaks at 1,128 cm−1 and 1,224 cm−1 can be assigned to the sulfonyl moiety groups formed by the reaction of chlorosulfonic acid with amino groups (Kassaee et al., 2011).
[image: Figure 1]FIGURE 1 | FT-IR spectra of TNTs and TNTs-NHSO3H.
The surface chemical compositions and bonding environments for TNTs and TNTs-NHSO3H were further analyzed by X-ray photoelectron spectroscopy (XPS), and the results are shown in Figure 2. From the full scan XPS of samples, it can be seen that the TNTs-NHSO3H sample is composed of C, N, O, S, Si, and Ti elements (Figure 2A), which are consistent with the elements expected to be obtained by the preparation route. Figure 2B shows the Ti 2p spectra of the TNTs-NHSO3H sample. The binding energy of Ti 2p at 458.6 and 464.3 eV is correspond to the Ti 2p3/2 and Ti 2p1/2, respectively. The binding energy of Ti 2p in the catalyst is consistent with that of pure TNTs, supporting that the oxidation state of Ti in the as-prepared TNTs-NHSO3H is Ⅳ (Wang et al., 2018). As can be found in Figure 2C, the N 1s signal can be resolved into two peaks. The peak located at 400.9 eV can be assigned to the typical nitrogen present in APTMS. Another peak located at 401.7 eV for the N 1s peak can reasonably be attributed to N-S bonds (Kaid et al., 2020). Figure 2D depicts the XPS spectra of S 2p of TNTs-NHSO3H. It is observed that S 2p has a strong peak at 169.4 eV, which is the characteristic peak of typical S=O bonds (Veisi et al., 2016). Two peaks located at 168.0 and 170.3 eV can be assigned to the S-O and S-N, respectively (Song et al., 2015). These results indicate the formation of the desired catalytic system.
[image: Figure 2]FIGURE 2 | XPS spectra of TNTs and the synthesized TNTs-NHSO3H: (A) full spectra of samples; (B) Ti 2p peaks; (C) N 1s peaks; (D) S 2p peaks.
The acid amount of the catalyst was determined by the ion-exchanged method using an aqueous solution saturated with NaCl as an exchange agent. The acid density of TNTs-NHSO3H is up to 2.27 mmol/g, which implies that a certain amount of Brönsted acidity sites can be constructed on the surface of TNTs.
The morphology of TNTs and TNTs-NHSO3H was revealed by SEM and TEM, and the results are displayed in Figure 3. As illustrated by the TEM images, the TNTs sample shows the uniform open-ended tubes can be long up to several hundred nanometers (Figure 3A). It is worthy to note that the morphology of tubes in TNTs-NHSO3H was still maintained (Figures 3B,C). The surface of titanate nanotubes was coated with a layer of silicon dioxide in the presence of dry toluene, which is the result of the silanization of surface OH groups with APTMS. This means that more acidity sites can be constructed and immobilized on the TNTs surface by the following functionalization of amino groups in organ siloxane agents. According to the EDX spectrum of an area in Figure 3C, there are five elements, C, N, O, S, Si, and Ti, which can be ascertained in the TNTs-NHSO3H (Figure 3D). The percent of N and S is 7.5 and 7 wt%, respectively. This result is consistent with the result previously obtained by XPS, indicating the material was successfully fabricated using a post-synthesis modification strategy.
[image: Figure 3]FIGURE 3 | (A) Representative TEM image of TNTs. (B–C) SEM and TEM images of TNTs-NHSO3H. (D) EDX spectrum of TNTs-NHSO3H.
The XRD pattern of the TNTs and TNTs-NHSO3H are displayed in Figure 4. The TNTs had an XRD pattern that corresponds to the anatase crystal phase of titania. The peak exhibited at a 2θ value of 9.8 indicates the presence of a layered crystal structure formed in the hydrothermal process. It can be seen that all other diffraction peaks at the 2θ value of around 24.3°, 37.8°, and 48.3° are typical characteristic peaks of TNTs (Lu et al., 2017). The XRD pattern of the as-prepared TNTs-NHSO3H catalyst can well match the characteristic diffraction peaks of TNTs. It should be noted that there is a slight decrease in the intensity ratios of different peaks, which may be caused by the surface modification during the preparation process.
[image: Figure 4]FIGURE 4 | X-ray diffraction patterns of TNTs and TNTs-NHSO3H.
In order to further study the surface modification of TiO2 nanotubes by organic functional groups, the catalyst was characterized by a thermogravimetric analyzer, and the obtained thermogravimetric curves are presented in Figure 5. It can be seen that a significant weight loss in the range of 100–200 C can be attributed to the elimination of water molecule which was physically adsorbed on the surface and into the pores of TNTs. An endothermic peak with a maximum of136°C can be observed on the corresponding DTG curve. Also, there is a slight weight loss in the range of 200–300 C, which possibly corresponds to the dehydroxylation of TNTs. This phenomenon is consistent with the reported values for the TNT material (Preda et al., 2015). There is an obvious weight loss that started at 300°C, which is mainly attributed to the decomposition of the covalently bound organic functional groups from TNTs-NHSO3H. The weight loss of approximately 19.7% in the range of 300–430°C is due to the removal of the organic motif. Furthermore, a strong and sharp endothermic DTG signal was observed at 365°C. In addition, the observed weight loss of approximately 3.9% occurs between 430 and 600°C which may be related to the thermal decomposition of the organic residues. From the TG/DTG analysis, it is understood that the TNTs-NHSO3H catalyst has greater thermal stability, which confirms that it can be used for organic reaction temperatures below 300°C.
[image: Figure 5]FIGURE 5 | (A) TG and (B) DTG of analysis of the TNTs-NHSO3H catalyst.
Figure 6 shows the N2 adsorption-desorption isotherms and the corresponding pore size distribution curves of TNTs and TNTs-NHSO3H. According to IUPAC classification, the TNT material exhibits the typical type IV isotherm with a hysteresis loop, confirming the mesoporous nature of TNTs. The surface area of TNTs is 300 m2/g. As shown in Figure 6A(inset), the pore size distribution presents the maximum positioned at 4.6 nm, corresponding to the inner nanotubular cavity of TNTs. This result suggests that TNTs had a uniform nanotubular structure. After functionalization of the parent material, the remarkable change in the N2 adsorption-desorption isotherm curve was observed in Figure 6B. It is worth noting that the surface area of TNTs-NHSO3H decreased to 29 m2/g. It is inferred that a part of the organosiloxane agents was confined inside the nanotubes, especially near the ends of the nanotubes, as TNTs possess a large fraction of voids in the interior, which resulted in the partial blocking of the tubular channel of TNTs-NHSO3H. Although the BET surface area of TNTs-NHSO3H is decreased in comparison to that of pure TNTs, it is still favorable for the acid-catalyzed reactions due to the more accessible acidic sites on the inside or outside of TNTs.
[image: Figure 6]FIGURE 6 | N2 adsorption–desorption isotherms and pore size distributions (inset) for (A) TNTs and (B) TNTs-NHSO3H.
Catalytic Performances
Esterification of LA With n-Butanol
The catalytic performance of TNTs-NHSO3H was first tested for the esterification of LA with n-butanol (Scheme 2) and the results are illustrated in Figure 7. The reaction products, n-butyl levulinate (BL) and pseudo-n-butyl levulinate (pseudo-BL) were detected by GC-MS techniques. Similar results were also observed by several authors (Ciptonugroho et al., 2016; Chaffey et al., 2021). As shown in Figure 7A remarkable catalytic performance of TNTs-NHSO3H was observed since LA conversion (70.5%) with high selectivity (89.4%) to BL was achieved. The appearance of Brønsted acid centers in the TNTs-NHSO3H catalyst is the primary reason for higher catalytic performance. To appraise the effects of reaction temperature, systematic studies were carried out at different temperature ranges from 90 to 120°C for 4 h (Figure 7B). The relative increase in both the LA conversion and BL selectivity was obtained when the temperature was raised from 90 to 120°C. This result suggests that the relatively high reaction temperature is favorable for the conversion of pseudo-BL to BL and thereby improving the selectivity of BL. It should be noted that TNTs-NHSO3H showed good catalytic activity at 120°C giving high conversion and high selectivity. Figure 7C shows the reaction time on LA conversion and BL selectivity in the range of 1–8 h at 120°C. It is found that the LA conversion and BL selectivity was increased with reaction time. A relatively high selectivity (99.5%) at 93.2% LA conversion was achieved after 6 h. However, there was no significant increase in conversion or yield with further prolonged time to 8 h. The effect of catalyst dosage on the conversion and yield was estimated while keeping the other variables constant and the results are plotted in Figure 7D. It was found that the LA conversion and the BL yield increased with the increasing amount of the catalyst. The optimum catalyst weight was found to be 7 wt% with 99.3% LA conversion because the further increase of the amount of catalyst exhibited a slight increment in conversion as well as yield.
[image: Scheme 2]SCHEME 2 | Esterification of LA with n-butanol over the TNTs-NHSO3H catalyst.
[image: Figure 7]FIGURE 7 | (A) Catalytic activities over TNTs and TNTs-NHSO3H. Reaction conditions: 5 wt% catalyst dosage, reaction time 4h, 120°C. (B) Effect of reaction temperature. Reaction conditions: 5 wt% catalyst dosage, reaction time 4 h. (C) Effect of reaction time. Reaction conditions: 5 wt% catalyst dosage, 120°C. (D) Effect of catalyst dosage. Reaction conditions: 120°C, reaction time 6 h.
Alcoholysis of FA With n-Butanol
The catalytic performance of the TNTs-NHSO3H catalyst was further tested by synthesis of n-butyl levulinate from FA (Scheme 3) and the results are illustrated in Figure 8. A 19.7% yield of BL was achieved in the presence of the TNT sample. The catalytic activity of the TNTs was attributed to the number of Lewis acidic sites on its surface (Kitano et al., 2010). It is important to mention that the catalyst TNTs-NHSO3H exhibited high activity for alcoholysis of FA with n-butanol giving a high yield of BL (Figure 8A). Based on this result, the effects of the variable parameters, including reaction temperature, reaction time, and catalyst dosage on the alcoholysis of FA to BL were investigated. As illustrated in Figure 8B, the BL yield was strongly affected by the reaction temperature. At a low reaction temperature (90°C), the BL yield was relatively low (32.5%). However, when the reaction temperature was increased from 90 to 120 C, the yield of BL increased significantly. This is because the higher reaction temperature facilitates the conversion of FA into BL. However, when the reaction temperature was further increased, there was no significant increase in the BL yield. This may be attributed to the undesired side reactions that occurred at higher temperatures (Huang et al., 2016). Figure 8C displayed the effect of reaction time on the production of BL. Complete conversion was reached around 1 h, whereas the initial yield of BL was low. It is noteworthy that the yield of BL gradually increases with an increase in reaction time from 1–8 h. There is no remarkable change after 6 h, and the maximum yield (68.3%) was obtained at 8 h. As shown in Figure 8D, BL yield was highly affected by catalyst dosage. It can be easily found that by increasing the catalyst amount up to 0.3 g, the yield of BL reached 90.4% with 100% FA conversion. This clearly indicates the fact that the increase of the loading of catalyst provides the more available acidic sites, thereby promoting the conversion of intermediate product to the target product.
[image: Scheme 3]SCHEME 3 | Alcoholysis of FA with n-butanol over the TNTs-NHSO3H catalyst.
[image: Figure 8]FIGURE 8 | (A) Catalytic activities over TNTs and TNTs-NHSO3H. Reaction conditions: 0.1 g catalyst, reaction time 8h, 120°C. (B) Effect of reaction temperature. Reaction conditions: 0.1 g catalyst, reaction time 8 h. (C) Effect of reaction time. Reaction conditions: 0.1 catalysts, 120°C. (D) Effect of catalyst dosage. Reaction conditions: 120°C, reaction time 8 h.
Additionally, the catalytic performance of TNTs-NHSO3H was better than that of other systems listed in Table 1. It is clear from the table that TNTs-NHSO3H worked as an acid catalyst exhibiting excellent catalytic performance in the synthesis of n-butyl levulinate from both LA and FA. More works to tune the catalytic properties of the catalyst and to characterize the surface acid properties are underway.
TABLE 1 | Comparison of TNTs-NHSO3H with the reported catalyst.
[image: Table 1]Reusability
To understand the recyclability of TNTs-NHSO3H, the consecutive runs under the optimum conditions were performed in the esterification of levulinic acid with n-butanol. After each cycle, the spent catalyst was recovered by centrifugation, washed with ethanol, and dried for the next run. As presented in Figure 9A, the activity loss of TNTs-NHSO3H is neglectable after four cycles, and a yield of the desired product BL was still maintained at 95.6%. It is worthy to note that the acidity of the catalyst declined from 1.28 to 1.06 mmol g−1 after four consecutive recycles. The FT-IR analysis of the spent catalyst (Supplementary Figure S1) also confirmed that the active functional groups of the catalyst were relatively stable, providing the evidence for heterogeneous nature of TNTs-NHSO3H. In addition, repeated runs of the alcoholysis reaction of FA with n-butanol were carried out under the above optimum conditions, and the results are displayed in Figure 9B. It was found that the catalyst was reused with a slight decrease in BL yield. This may be due to the black carbonaceous species, formed by the polymerization of the FA (Zhu et al., 2017), decreasing the accessibility of the substrates to the active sites.
[image: Figure 9]FIGURE 9 | Reusability of TNTs-NHSO3H toward (A) esterification of LA and (B) alcoholysis of FA. Reaction conditions for (A): LA 3 mmol; n-butanol 30 mmol; 120°C; 6h; 7wt% catalyst. Reaction conditions for (B): FA 1 mmol; n-butanol 5 ml; 120°C; 8h; 0.3 g catalyst.
CONCLUSION
In this study, titanate nanotubes were obtained through hydrothermal synthesis and then covalently linked sulfamic groups through the APTMS grafting and chlorosulfonic acid as a sulfonating reagent. The catalyst was fully characterized by various physicochemical characterization techniques, and the corresponding results suggest that the strong sulfonic acid groups were successfully grafted on the titanate nanotube surface. The as-prepared TNTs-NHSO3H catalyst was used as a Brønsted solid acid for the synthesis of n-butyl levulinate from LA and FA. The excellent acid catalytic performance was observed in the synthesis of n-butyl levulinate from both the esterification of LA and the alcoholysis of FA under mild conditions. These results demonstrated that the obtained catalyst can be utilized as a potential candidate for the synthesis of LAEs and other value-added chemicals from biomass.
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Lignocellulose is recognized as an ideal raw material for biorefinery as it may be converted into biofuels and value-added products through a series of chemical routes. Furfural, a bio-based platform chemical generated from lignocellulosic biomass, has been identified as a very versatile alternative to fossil fuels. Deep eutectic solvents (DES) are new “green” solvents, which have been employed as green and cheap alternatives to traditional organic solvents and ionic liquids (ILs), with the advantages of low cost, low toxicity, and biodegradability, and also have been proven to be effective media for the synthesis of biomass-derived chemicals. This review summarizes the recent advances in the conversion of carbohydrates to furfural in DES solvent systems, which mainly focus on the effect of adding different catalysts to the DES system, including metal halides, water, solid acid catalyst, and certain oxides, on the production of furfural. Moreover, the challenges and perspectives of DES-assisted furfural synthesis in biorefinery systems are also discussed in this review.
Keywords: biomass, deep eutectic solvents, furfural, catalysis, solid acid
1 INTRODUCTION
Lignocellulose is a prominent biorefining raw material due to its wide availability and renewability, which helps to alleviate energy depletion (Somerville et al., 2010). In most lignocellulosic feedstocks, the proportions of cellulose, hemicellulose, and lignin are 30%–40%, 30%–35%, and 11%–25%, respectively. (Wang et al., 2016). Cellulose and hemicellulose separated from lignocellulose can be converted to high-value platform chemicals (e.g., 5-HMF and furfural) (Supplementary figure S1) (Bozell and Petersen, 2010).
Furfural is mainly obtained by hydrolysis and dehydration of xylan, which is abundant in hemicellulose and serves as a bridge between biomass and fuels, and chemicals. Furfural is widely used in oil refining, plastics manufacturing, pharmaceutical, and agrochemical industries, as well as a direct gasoline additive (Song et al., 2017; Luo et al., 2019; Song et al., 2020). Inorganic acids are utilized as the preferred catalysts for furfural production in the industry because furfural is produced in an acidic reaction system. High operating expenses, equipment corrosion, low furfural yields, and high energy consumption are all issues for this process (Mittal et al., 2017). Extraction of furfural from the reaction medium employing efficient catalysts or extraction solvents is a viable way for improving furfural yields. Some non-protonic solvents (e.g., tetrahydrofuran (THF), methyl isobutyl ketone (MIBK), and γ-pentyl lactone) are interesting solvents for furfural extraction because of their good ability to extract furfural. To extract furfural into the organic phase while minimizing side reactions in the aqueous phase, a biphasic reaction system is used. However, high reaction temperatures (150–230°C) are required for aqueous/organic biphasic systems (Romo et al., 2018). Ionic liquids with good solubility, chemical, and thermal stability, and enhanced catalytic activity were found to be alternative solvents, and polysaccharide dehydration in ionic liquids could be achieved at temperatures below 140°C (Wang et al., 2017; Wu et al., 2017). However, ionic liquids, are expensive and have poor biocompatibility.
Alternative deep eutectic solvents (DES) have been considered as a result of ongoing research on ionic liquids, which have similar properties to ionic liquids but are less expensive and entirely biodegradable (Hansen et al., 2021). DES are eutectic mixtures of hydrogen bond acceptor (HBA) and hydrogen bond donor (HBD) mixed in a certain ratio with a melting point lower than that of either component. For example, melting temperatures of chloroform and urea are 302°C and 135°C, respectively, and the resulting molar ratio of 1:2 chloroform/urea DES is liquid at 12°C (Abbott et al., 2003). DES has been used in biomass processing, for instance, fractionation and pretreatment of lignocellulose, as well as the catalytic conversion of carbohydrates (Satlewal et al., 2018).
The first half of this paper briefly covers DES and the mechanism of DES interacting with lignocellulose, with a focus on furfural synthesis. The second section summarizes the latest advances in the addition of various catalysts to DES systems for furfural production. This review also puts forward the challenges and perspectives for producing furfural from biomass using DES solvents.
2 DEEP EUTECTIC SOLVENTS
Deep Eutectic Solvents is a low melting point mixture of two or more component pairs consisting of HBD interacting with HBA (e.g., quaternary ammonium salts) via hydrogen bonding. Charge separation domains are promoted by hydrogen bonds (H-bonds) between HBA and HBD, showing a large decrease in the melting point of the DES mixture compared to the initial compounds, and the stronger H-bonds result in a bigger fall in melting point (Abbott et al., 2004). DES has been successfully applied in metallurgy and electrodeposition (Abbott et al., 2001; Abbott et al., 2006), biomass processing (Abbott et al., 2007; Francisco et al., 2012), fuel desulfurization (Jablonský et al., 2015), CO2 adsorption (Li et al., 2013), biodiesel purification (Li et al., 2008), biotransformation (Abbott et al., 2005), etc. since its first appearance in 2001 (Morrison et al., 2009). It can also be used as an effective extractant and has a wide range of applications in analytical sciences (Cunha and Fernandes, 2018), including chromatographic separation (Cai and Qiu, 2019), electrochemical analysis, liquid and solid sample decomposition (Chen Y.-L. et al., 2018), synthesis and modification of novel adsorbent materials (Hashemi et al., 2018).
2.1 Deep Eutectic Solvents Preparation and Principle
Autocorrelation intermolecular interactions, which are most likely induced by mixed entropy, van der Waals contacts, hydrogen bonding, and/or ionic bonding (Figure 1, exemplified for choline ChCl/urea 1:2), are responsible for the formation of DES (Abbott et al., 2003; Francisco et al., 2013; Hammond et al., 2016; Zahn et al., 2016; Mohd Zaid et al., 2017; Wagle et al., 2017; Delgado-Mellado et al., 2018; van Osch et al., 2019). Hydrogen bonds are the most important intramolecular bonds among these bonds between HBD and halide anions in DES (Perkins et al., 2014; Mbous et al., 2017). Hydrogen bonds are responsible for the generation of the room temperature liquid phase of DES (Smith et al., 2014), the enormous network of hydrogen bonds that generates the inherent qualities of DES, such as low melting point, low volatility, non-flammability, low vapor pressure, dipole nature, thermal stability, high solubility, and adjustability (Zhang et al., 2012; Florindo et al., 2014).
[image: Figure 1]FIGURE 1 | Hydrogen-bond interactions proposed for choline chloride/urea (1:2) eutectic mixture.
Heating and stirring, vacuum evaporation, grinding, and freeze-drying are the most common methods for preparing DES. The most common preparation method is heating and stirring, in which the components are mixed and stirred for a certain time at a set temperature (50°C–100°C) until a clear liquid is generated (Florindo et al., 2014; Yang et al., 2019). In addition, the excessive temperature may influence the formation of DES by this approach, resulting in the production of some contaminants (esters, HCl) (Florindo et al., 2014). Grinding is a better method when ChCl and carboxylic acid are used to obtain DES because the mixed components are ground in a mortar at room temperature until a homogeneous liquid is formed (Florindo et al., 2014). The evaporation method involves dissolving the components in water, evaporating most of the water under a vacuum at 50°C, and then drying it to a consistent weight in a desiccator (Dai et al., 2013). The components are dissolved in 5% water and then freeze-dried to generate a clear and transparent liquid (Gutierrez et al., 2009).
2.2 Deep Eutectic Solvents Categories
Most DES are obtained from non-ionic substances, such as salts and molecular components (Figure 2) (Zhang et al., 2012). The general formula for DES is Cat+X−zY (Smith et al., 2014). DES was first proposed and classified into four categories by Abbott et al., in 2003 (Table 1) (Abbott et al., 2003) (Smith et al., 2014).
[image: Figure 2]FIGURE 2 | Typical structures of hydrogen bond donors (HBDs) and bond acceptors (HBAs) for DES synthesis.
TABLE 1 | The general formula for the classification of DES. Reprinted from ref. (Smith et al., 2014). Copyright 2014 American Chemical Society.
[image: Table 1]Type II DES employs hydrated metal halides, which are less expensive and less susceptible to atmospheric moisture than type I metal salts, making them popular in the industry (Smith et al., 2014). The most widely used DES is type III DES, which has the advantages of simple and low-cost preparation (Smith et al., 2014), being environmentally friendly and mostly biodegradable, not reacting with water, and having a high potential for lignocellulosic biomass processing, so this review will mainly focus on type III DES. In fact, in addition to the four types of DES mentioned above, type V has been developed, which is made up entirely of nonionic, molecular HBA, and HBD. These nonionic DES overcome the drawbacks of quaternary ammonium salt-based DES, such as expense, hydrophobicity, and viscosity, and exhibit the ability to recover and recycle DES by evaporation. However, the research aspect of V-type DES is not mature enough to be described here due to its late discovery (Abranches et al., 2019).
2.3 Catalytic and Solubilizing Effects of DES on Lignocellulose
2.3.1 Dissolution
Lignocellulosic biomass has a complicated structural and chemical mechanism for resistance to microbial and enzymatic deconstruction, as well as a natural resistance known as “biomass resistance,” which significantly inhibits biomass conversion into value-added products (Himmel Michael et al., 2007; Mettler et al., 2012). This “biomass resistance” is considered to arise mainly from lignin and lignin-carbohydrate complexes, which are cross-linked to carbohydrates (especially hemicellulose) through a network of strong covalent and hydrogen bonds with benzyl esters, benzyl ethers, and phenyl glycosides functional groups (Liu et al., 2017). The crosslinking degree of the lignin-carbohydrate complex is associated with increased cell wall stiffness and resistance to enzymatic digestion. To achieve an efficient deconstruction process, these crosslinks must be destroyed by the chemical hydrolysis of ester bonds (Grabber et al., 1998; McCann and Carpita, 2015). Strong hydrogen bonding ligands in ionic liquids (ILs) preferentially solubilize lignin and hemicellulose in biomass while maintaining biopolymer integrity (Carrozza et al., 2019). Inspired by the high solubilization capacity of ILs for lignocellulose, DES has attracted increasing interest as an inexpensive alternative to ILs. DES can deliver and accept protons, which enables the formation of hydrogen bonds with other compounds, thus enhancing their solubilization properties (Pandey et al., 2017). Acidic DES (HBD: lactic, malic, and oxalic acids) are very effective in lignin solubilization (Xu et al., 2016; Liu et al., 2017; Yiin et al., 2017; Liu et al., 2019; Ramesh et al., 2020; Yiin et al., 2021). One of the reasons why DES selectively dissolves lignin over cellulose is that both cellulose and DES have strong hydrogen bonding networks, solubilizing cellulose in DES requires dissociation and reorganization of both hydrogen-bonding networks to generate a thermodynamically more stable network. However, the cohesive energy of cellulose is so strong that it may prevent its solubilization in any DES (Vigier et al., 2015). As shown in Figure 3, chloride ions present in DES can establish hydrogen bonds with hydroxyl groups that are present in carbohydrates and lignin, disrupting the carbohydrate-lignin bonding connections and hydrolyzing the LCC to remove hemicellulose while also enhancing enzyme accessibility and hydrolysis yields (Satlewal et al., 2018; Lee and Wu, 2021). DES can effectively dissolve the lignin and remove amorphous cellulose from lignocellulose. As a result, DES can fractionate lignocellulose to promote hemicellulose and lignin utilization while also improving cellulose crystallinity.
[image: Figure 3]FIGURE 3 | Disruption of lignin carbohydrate complexes with DES. Reprinted from ref. (Satlewal et al., 2018). Copyright 2018 Elsevier Inc.
2.3.2 Catalysis
DES formed by combining ChCl and carboxylic acids is commonly used in the production of furan compounds. ChCl-based DES has been found to be effective for xylan solubilization in biomass pretreatment processes in recent studies (Chen et al., 2018b; Chen et al., 2018c; Shen et al., 2019). These DES based on ChCl-carboxylic acid can act as both solvents and catalysts. After lignin removal with the help of DES, hemicellulose, and cellulose were converted to furfural and hydroxymethylfurfural, respectively (Parsell et al., 2015). Hemicellulose is more readily depolymerized than cellulose (especially under acidic conditions) due to its non-crystalline nature (Brandt et al., 2013). After disruption of the hemicellulose polymer by chloride ions in DES, the carboxylic acids can provide the required protons to break down the sugar-1,4 glycosidic bonds in xylan to produce xylose, which can then be dehydrated to furfural (Enslow and Bell, 2012; Li et al., 2019). Unlike hemicellulose, the quantity and strength of hydrogen bonds established with cellulose determine cellulose’s dissolution (Lynam et al., 2017). To increase the output of furans, novel DES that can concurrently catalyze hemicellulose and cellulose must be discovered.
3 CATALYTIC CONVERSION OF BIOMASS TO FURFURAL IN DEEP EUTECTIC SOLVENTS
The conversion of carbohydrates to furans is a hot research topic in the biorefining of lignocellulose (Li et al., 2016; Peleteiro et al., 2016; Fan et al., 2018). The acid-catalyzed hydrolysis and dehydration of pentosans in lignocellulose produces furfural. Two methods are generally used to produce furfural in the DES system. In the “two-step method” in which the lignin carbohydrate complex is destroyed by pretreatment, the hemicellulose-derived sugar is selectively dissolved from the biomass, and then the acidified aqueous DES solution is used to produce furfural from the xylose-rich pretreatment solution (Arora et al., 2021), and the “one-step method” in which the acidified DES is used to produce furfural by directly treating pentosan or biomass (Lee et al., 2019; Rusanen et al., 2021). The reaction can be further enhanced to promote furfural synthesis if Brønsted acid or Lewis acid catalyst is added to the DES system to some extent (Wang et al., 2018; Chen and Wan, 2019). Recent progress in the addition of various catalysts to DES systems for furfural production is shown in the chart.
3.1 Catalysis in Neat DES System
Furfural is produced by dehydration of xylose in an acidic medium (Enslow and Bell, 2012). HBD for various acidic complexing agents such as oxalic acid, citric acid, p-toluene sulfonic acid, trichloroacetic acid, and other acidic complexing agents with ionizable protons is named Brønsted acidic deep eutectic solvents (BADES) in acidic DES (ADES) (Qin et al., 2020). The acidic HBD can catalyze the hydrolysis of hemicellulose to form xylose or arabinose, which is further dehydrated to produce furfural by releasing three water molecules (Marcotullio and De Jong, 2010; Cai et al., 2014). The acidic strength of the acid catalyst/solvent is well known to play a critical role in the hydrolysis of hemicellulose (Choudhary et al., 2012; Wang et al., 2015; Delbecq et al., 2018), and it is thus critical to optimize and mediate ADES acidity (Kore and Srivastava, 2011). The higher the pH grew closer to 1, the larger the productivity of furfural, according to Arora et al. (2021). The yield of furfural was 85.4% after treatment of hemicellulose with ChCl: p-toluene sulfonic acid (p-TSA) = 1:1 and pH = 1 at 120°C for 1.5 h (Table 2, entry 1). When the pH was increased from 1 to 3, the yield of furfural reduced to 51.4% (Table 2, entry 2) (Arora et al., 2021). The effect of acidity on the yield of furfural was also confirmed by Cornelius et al. when comparing choline chloride-dicarboxylate-based low eutectic solvents. The increasing carbon chain length of dicarboxylic acid HBD boosts the electron feeding effect of alkyl groups, reducing the strength of the hydrogen bond formed between HBA and HBD as well as the hydrogen feeding capacity of DES, according to the reaction mechanism. Finally, because the concentration of H+ in the dehydration and hydrolysis reaction system is lowered, which is detrimental to furfural production, DES (oxalic acid) with short carbon chain dicarboxylic acid gives greater furfural yields (Lee et al., 2019). Lurii and others used ChCl/OA at 100°C to convert certain underappreciated terrestrial and marine biomass into furfural, yielding up to 72% (Table 2, entries 3–6), further demonstrating the superiority of oxalic acid as an HBD (Bodachivskyi et al., 2019). Although larger yields of furfural can be achieved without the use of a catalyst in a neat DES system, DES has drawbacks such as higher viscosity that cannot be overlooked. Although neat DES has absolute advantages for compounds with low water solubility, and better yields of furfural can be achieved in this system, practical issues such as time-consuming solvent transfer and inefficient mass transfer due to DES drawbacks such as higher viscosity cannot be neglected. Exploring some novel DES with low viscosity, high acidity, and good thermal stability is the main research topic in the future.
TABLE 2 | Furfural production in a neat DES system (no catalyst).
[image: Table 2]3.2 Catalyst in Deep Eutectic Solvents System
3.2.1 Water
In biomass, water contributes to hemicellulose saccharification and xylose recovery. The addition of water in the DES system also reduces the viscosity of the DES (Dai et al., 2015), allowing for better DES penetration into the lignocellulosic matrix (New et al., 2019), improved mass transfer, and increased delignification, all of which aid hemicellulose extraction and subsequent furfural production (Loow et al., 2017). As a result, one of the most important influencing factors for hemicellulose conversion is the amount of water in the system. Annu et al. investigated the effect of different water contents on the yield of furfural in a deep eutectic solvent system. In the MIBK/DES biphasic system, higher furfural yields of 62% and 37.5% (Table 3, entry 1–2) were obtained for the sugar mixture and birch sawdust, respectively, when 32.9 wt% water was added to the microwave reactor (Rusanen et al., 2021). Water can promote furfural production, but too much water in the system can be harmful to getting enough furfural. When the amount of water injected exceeded 40 wt%, the yield of furfural decreased significantly (Rusanen et al., 2021). Excess water breaks the hydrogen bond between HBD and HBA and also promotes the formation of humins, thus obtaining a low furfural yield (Hammond et al., 2017; Gabriele et al., 2019). When comparing the yield of furfural before and after the addition of water, direct treatment of oil palm leaves with ChCl/OA aqueous solution (16.4 wt% H2O) at 100°C after the addition of 2 ml of water enhanced the production of furfural from 9.74% to 26.3%. (Table 3, entry 3) (Lee et al., 2019). A biphasic system was created using a ChCl: EG aqueous solution (30 percent water) combined with acetone (2:7), and xylose was reacted at 180°C for 30 min to get a high furfural yield of 75.6% (Table 3, entry 4) (Chen and Wan, 2019). The hydrogen bond between HBD and HBA can be weakened by the right amount of water employed in DES, making them more accessible and reactive. A deep eutectic solvent treatment with choline chloride-oxalic acid aqueous solution (16.4 wt% H2O) was added following ultrasonication of oil palm leaves to disrupt the LCC structure, yielding a furfural yield of 56.5% (Table 3, entry 5) (Lee et al., 2021). Unlike other similar studies, they used ultrasonic lignocellulose pretreatment. This technique produces acetic acid, which can efficiently increase furfural conversion while reducing reaction time (Lee et al., 2021). In the biphasic system, xylan was used as a starting material and 5 wt% water was added to ChCl/malic acid, then the system was heated by microwave at 150°C for 2.5 min to obtain a high yield of furfural (75%) (Table 3, entry 6) (Morais et al., 2020). This set of experiments was the shortest reaction time among these groups of similar experiments, and high yields of furfural were obtained. When compared to the traditional hydrothermal approach, either ultrasonic pretreatment or microwave heating can employ a shorter reaction time to get higher yields but raises the cost of industrial applications. The appropriate amount of water facilitates the production of furfural, but when the amount of water exceeds a certain threshold, the internal structure of DES is destroyed, and the interaction between DES and biomass is hampered, resulting in a reduction in furfural yield. Water mitigated several intrinsic flaws of DES and enhanced furfural yield, but this was limited. Compared to the reaction systems with the addition of Lewis acid, the furfural yield is lower when only DES acted as Brønsted acid without the presence of Lewis acid in the reaction because Lewis acid may catalyze the isomerization of xylose to xylulose, which is then further dehydrated to generate furfural. Finding an appropriate Lewis acid catalyst as well as deep eutectic solvents that are water-resistant is a pressing issue that must be addressed.
TABLE 3 | Adding water in the DES system for furfural production.
[image: Table 3]3.2.2 Metal Chlorides
Metal chlorides have been widely used as catalysts in the synthesis of furfural from lignocellulose (Chen et al., 2018b; Chen and Wan, 2019; Yu et al., 2019b). Metal chloride increases furfural yield due to the action of metal cations and Cl− (Gravitis et al., 2001; Marcotullio and De Jong, 2010). For example, using ChCl/citric acid aqueous solution as the solvent and adding AlCl3·6H2O catalyst, 73.1% furfural yield (Table 4, entry 1) can be obtained from xylose and 68.6% (Table 4, entry 2) from xylan (Zhang and Yu, 2013). On aldose or aldose polymers, metal chlorides have an excellent isomerization impact. The addition of metal chloride to DES produced Lewis and Brønsted acid reaction medium. The metal chloride promoted the enolization of xylose and improved the selectivity and yield of furfural (Marcotullio and de Jong, 2011), and it catalyzes the dehydration of xylose to form furfural, through xylose isomerization to xylulose (Binder et al., 2010; vom Stein et al., 2011; Yang et al., 2012). When the biphasic system is applied in combination with the catalyst, excellent yields of furfural can be obtained. A high furfural yield of 70.3% (Table 4, entry 3) could be obtained by adding a specified amount of metal chloride as a catalyst to the DES (ChCl/OA)/MIBK biphasic system to react with eucalyptus (Wang et al., 2018). Zhang et al. studied the conversion of xylose to furfural by trivalent metal chlorides in ChCl-oxalic acid at 100°C, with the greatest furfural yields of 60.4% and 55.5% (Table 4, entries 4, 6) from xylose and xylan, respectively. AlCl3·6H2O was demonstrated to be the most efficient in generating furfural from xylose (Zhang et al., 2014). However, the thermal stability of ChCl/oxalic acid is poor at temperatures above 379 K (Zhang et al., 2014). A comparative investigation by Qiang et al. found that adding SnCl4·5H2O (Table 4, entries 7–10) to the ChCl/formic (Fa) system was the most successful (Yu et al., 2019a). Because the metal cation catalyzed the conversion of carbohydrates to furfural is related to its ionization potential, the furfural yields produced with different metal chlorides can vary. Although metal chlorides have good results for furfural yield, certain drawbacks should not be ignored, such as difficulty in separation and recovery, instability, and toxicity. Alkali metal salt catalysts have a limited function in furfural production, and combining alkali metal salts with acid catalysts in deep eutectic solvents improves furfural production. Metal chlorides dissolved in DES are difficult to be recovered for reuse, which is contrary to the principle of green chemistry. In industrial applications, new extractants are needed to separate metal chlorides from DES, or catalysts that are insoluble in DES are required.
TABLE 4 | Adding metal chlorides in the DES system for furfural production.
[image: Table 4]3.2.3 Alkali Metal Halides
Alkali metal halides have been shown to increase the yield of furfural when added to solvent systems (water or non-polar solvents) (Enslow and Bell, 2015; Mellmer et al., 2019), mainly in biphasic systems to afford the “salting out” effect and thus increase the strong extraction of furfural from the aqueous phase into the organic phase. Similarly, they play a crucial role in the kinetics of xylose dehydration in acidic media. Eduarda and coworkers compared the differences of eight alkali metal salts added to DES to increase furfural yield: sodium chloride (NaCl), sodium bromide (NaBr), sodium iodide (NaI), potassium chloride (KCl), potassium bromide (KBr), potassium iodide (KI), lithium chloride (LiCl) and lithium bromide (LiBr). In comparison to the unadded halide salts, NaBr, NaI, KI, and LiBr exhibited improvement in furfural yield to a certain extent (Morais et al., 2021). The carbon cation is generated after the loss of water from xylose in the dehydration process of xylose to furfural, which is stabilized by the presence of halides. When a metal cation with significant hydrophilic characteristics interacts with the negatively charged xylose, it prevents the carbon cation from rehydration, stabilizing the generated carbon cation (Enslow and Bell, 2015). The carbon cation is a reactive intermediate that can undergo rearrangement to form 2,5-no-hydroxy sugars, which are then further dehydrated to produce furfural (Enslow and Bell, 2015). The halide anion serves as a stabilizing agent interacting with critical intermediate in the DES system, whereas the cation largely interacts with the chloride anion, and these interactions then influence xylose solvation and dehydration. The yield of furfural was then further optimized, and it was found that adding LiBr to ChCl/MA (5 wt% H2O) at 175.3°C for 1.74 min resulted in a high furfural yield of 89.5% (Table 4, entry 1) (Morais et al., 2021). Alkali metal halides can boost the yield of furfural by increasing the salting effect of the biphasic system, but in the complex lignocellulose structure, alkali metal salts cannot cooperate with DES to accelerate the isomerization of xylose and thus decrease the yield of furfural more efficiently. Alkali metal salt catalysts have a limited function in furfural production, and combining alkali metal salts with acid catalysts in DES improves furfural production.
3.2.4 Solid Acid Catalysts
To avoid the potential corrosiveness and high energy cost of homogeneous catalysis (Li Y.-Y. et al., 2021), many solid acids have been used in furfural production which provides high furfural yields. A new heterogeneous catalyst B: LA-SG (SiO2) was prepared by immobilizing the deep eutectic solvent betaine/lactate on silica using the original tetraethyl silicate as the silica source by the sol-gel method. High furfural yields (45.3%) were obtained from corn cobs using the B: LA-SG (SiO2) catalyst (2.5 wt%) in water at 170°C for 0.5 h (Table 5, entry 2) (Li et al., 2022). However, the catalyst did not have an excellent catalytic performance in the production of furfural, owing to a lack of acidic sites in the catalyst. Lewis and Brønsted acid sites can isomerize aldose-ketose and accelerate furfural formation via ring dehydration (Li et al., 2022). Li et al. creatively used spent shrimp shells as a starting material to prepare sulfonated tin-based solid acids (Sn-SS) for the conversion of sugarcane bagasse (SB) to furfural in DES (ChCl/EG)-water at 170°C for 20 min, yielding 62.3% furfural (Table 5, entry 4) (Li et al., 2021a). The hydrogen bonds in SB were broken by ChCl/EG, and the Sn-SS solid acid could pretreat and depolymerize SB. Sn-SS contains Lewis and Brønsted acid sites, which can catalyze biomass into furfural. Unlike the previous study, Ji et al. directly used maize stover (CS) as a support to prepare the SO42-/SnO2-CS catalysts for the production of furfural in ChCl: EG-water (20:80, v: v) at 170°C for 0.5 h, and a high furfural yield of up to 61.8% (Table 5, entry 5) was obtained (Ji et al., 2021). Compared with some traditional metal-based solid acids, biomass-based solid acids have the advantages of being less expensive, unique in structure, environmentally friendly, and easy preparation. The spongy and squishy shape of CS allows it to immobilize additional functional groups on its surface or inside it (Jiang et al., 2020). During the synthesis of furfural, chlorides can stabilize the transition state and intermediate structures, and reduce the occurrence of undesired side reactions (Figure 4) (Campos Molina et al., 2012; Ji et al., 2021). For instance, MgCl2 was added to the reaction system to improve the furfural yield up to 68.2% (Table 5, entry 6) (Ji et al., 2021). Both research groups use waste biomass as a source of catalysts, which is in keeping with the concept of sustainable and green chemistry. Solid catalysts, on the other hand, have difficulty recovering due to the higher viscosity of DES or insoluble by-products such as humins compounds clinging to them. Solid acid catalysts can flexibly tune the number of acidic sites to efficiently boost furfural yield, but the fabrication procedure is complicated and the catalyst stability is not very good, posing an economic barrier for practical application on a large scale. Reactions incorporating solid catalysts often require high energy, and most DES are thermally unstable and do not function optimally at high temperatures. Future research will focus on the development of novel highly efficient solid acid catalysts that are both inexpensive, robust, and facile to prepare, as well as deep eutectic solvents with improved thermal stability.
TABLE 5 | Effect of the catalysts on the furfural yield in the DES system.
[image: Table 5][image: Figure 4]FIGURE 4 | The catalytic mechanism for catalyzing corn stover into furfural and byproducts at 170°C for 0.5 h in ChCl: EG–water (20:80, v: v). Reprinted from ref. (Ji et al., 2021). Copyright 2021 Elsevier Ltd.
3.2.5 Other Catalysts
Other additions, such as oxides, organic acids, and heterogeneous catalysts, can boost furfural yields in addition to the foregoing catalysts. The addition of HCOOH has been shown to give a high furfural yield (58.3%) from biomass-derived xylose in the ChCl: Gly-water system within 30 min at 180°C (Table 5, entry 7), compared to the reaction system without the addition of catalyst (Li et al., 2021b). The simplest organic acid, HCOOH, can be employed as a dehydration catalyst in the production of furfural, overcoming the main disadvantage of corrosive inorganic acid catalysts to some extent. The addition of oxides can also improve the furfural yield, Viviane et al. mixed ChCl/OA, sulfolane, substrate, TiO2, and water to catalyze lignocellulosic materials and obtained the greatest yield of 53.2% for HMF + furfural (Table 5, entry 8) (da Silva Lacerda et al., 2015).
4 CONCLUSION AND PERSPECTIVE
This review summarizes the most recent progress on the conversion of biomass to furfural using various catalysts in DES systems. Unlike previous aqueous and organic systems, which required high temperatures and had low furfural yields, the DES/biphasic systems (DES/organic solvent) can achieve high furfural yield at lower temperatures and avoid the formation of humins by subsequent side reactions due to high furfural concentration. The ability to create furans at higher substrate concentrations and superior lignocellulose separation are two advantages of deep eutectic solvents. The addition of an appropriate catalyst promotes the dehydration of xylose/xylan into furfural with higher yields. At present, the manufacture of high-yield furfural utilizing a deep eutectic solvent is still in its initial stages of development, with numerous challenges and innovation constraints.
(1) When employing an organic phase and a deep eutectic solvent for a biphasic system, large yields can only be achieved in the laboratory, but it is very difficult for industrial applications. The extraction efficiency of organic solvents is high, but recovery requires energy-intensive devices and most organic solvents are toxic.
(2) It is necessary and cumbersome to firstly transform hemicellulose of lignocellulose into xylan with high yields because lignocellulose has recalcitrant in order to obtain high furfural yield, which results in the loss of some hemicellulose.
(3) Recycling deep eutectic solvents is a more energy-efficient and environmentally benign solution from the standpoint of sustainable development. On the other hand, deep eutectic solvents are polluted and cannot be reused due to their high viscosity and the fact that a portion of the catalyst will stay in DES.
(4) Some deep eutectic solvents have poor thermal stability, while some solid catalysts (e.g., Nb2O5) can only function at higher temperatures, resulting in a suboptimal reaction.
Recently, it has been discovered that there exists hydrophobic DES, which can extract furfural from water efficiently and can replace the role of organic solvent in the DES/biphasic system, thus alleviating the high energy consumption due to organic solvent. It is urgent to develop novel deep eutectic solvents and to explore a sustainable and more cost-effective biorefinery method for producing furfural from lignocellulosic biomass.
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Biomass, a globally available resource, is a promising alternative feedstock for fossil fuels, especially considering the current energy crisis and pollution. Biomass-derived diols, such as 2,5-bis(hydroxymethyl)furan, 2,5-bis(hydroxymethyl)-tetrahydrofuran, and 1,6-hexanediol, are a significant class of monomers in the polyester industry. Therefore, the catalytic conversion of biomass to valuable diols has received extensive research attention in the field of biomass conversion and is a crucial factor in determining the development of the polyester industry. 5-Hydroxymethylfurfural (HMF) is an important biomass-derived compound with a C6-furanic framework. The hydroconversion of HMF into diols has the advantages of being simple to operate, inexpensive, environmentally friendly, safe, and reliable. Therefore, in the field of diol synthesis, this method is regarded as a promising approach with significant industrialization potential. This review summarizes recent advances in diol formation, discusses the roles of catalysts in the hydroconversion process, highlights the reaction mechanisms associated with the specificities of each active center, and provides an outlook on the challenges and opportunities associated with the research on biomass-derived diol synthesis.
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INTRODUCTION
Non-renewable fossil resources are pivotal for economic growth, and their consumption has surged steadily in recent decades (Zhou et al., 2011; Kucherov et al., 2018). Currently, more than 85% of the global energy demand is met using fossil fuel resources (Chen et al., 2018). Considering the probable impending energy crisis, the use of renewable resources and development of sustainable energy technology have been a focus area of research in recent years (Zhu et al., 2016; Wan et al., 2021). Traditional industries emit massive amounts of CO2 into the atmosphere, contributing to climate change and global warming (Ravishankara et al., 2015). Biomass conversion, which is a promising alternative to energy production using fossil hydrocarbons, has the potential to alleviate the energy crisis while effectively utilizing greenhouse gas emissions through completing the CO2 cycle (Nakagawa et al., 2013; Hu et al., 2018a; Deng et al., 2021).
5-Hydroxymethylfurfural (HMF), a widely used biomass platform chemical, has C=O, C-OH, and C=C bonds, all of which promote a variety of reactions. Reducing different types of unsaturated groups in HMF, various derivatives of HMF can be produced, such as 5-methylfurfural (MF) (Sun et al., 2019), 2,5-dimethylfuran (DMF) (Guo et al., 2020), 2,5-bis(hydroxymethyl)furan (BHMF) (Zhao et al., 2022), 2,5-bis(hydroxymethyl)-tetrahydrofuran (BHMTHF) (Kong et al., 2015), and 1,6-hexanediol (1,6-HD) (Yao et al., 2016). Selectivity is a crucial parameter in chemical reactions involving the major HMF derivatives utilized in a variety of industrial applications, including fuel production, polyurethane manufacturing, and polymer production (Chernyshev et al., 2017; Stadler et al., 2019; Li et al., 2021). Diol products derived from HMF have significant industrial value and development potential as key monomers for polyurethane and polyester manufacturers. Hence, the number of studies on HMF has been rapidly increasing.
Even though several reviews have summarized topics such as HMF oxidation/reduction and synthesis suitable for industrial production (Troiano et al., 2020; Yan et al., 2020), none of them have focused on introducing breakthroughs in research on biomass-derived diols. Hence, in this review, we summarize recent advances in the hydroconversion of HMF, emphasizing the formation of high-value diols via the selective hydrogenation of various functional groups on HMF, and analyze the synergistic effects of various catalyst components, to aid the advancement of biomass transformation research.
PRODUCTION OF DIOLS WITH RING STRUCTURES
This section summarizes recent advances in the catalytic hydrogenation of HMF to produce diols with ring structures, such as BHMF and BHMTHF. Diols formed through the hydrogenation of carbonyl inside HMF while retaining the ring structure are extremely useful in the synthesis of a variety of foams, polyethers, and crown ethers (Zhang et al., 2017; Kucherov et al., 2018). As a furan molecule, BHMF is more thermally and chemically stable than HMF (Zhu et al., 2021). Consequently, it is preferred as an industrial raw material for furan derivatives over HMF. Owing to the strong ring structure and symmetrical diol functional group, BHMF has unique advantages over conventional polyesters, especially for the production of linear or cross-linked polyurethane (Zhang et al., 2017). Additionally, BHMTHF should be more widely used than BHMF, as it has a low probability of forming by-products during polymerization (Stadler et al., 2019). For comparison, the experimental data are summarized in Table 1.
TABLE 1 | Catalytic performance of catalysts for the conversion of HMF.
[image: Table 1]Hydrogenation of Carbonyl Inside HMF to BHMF With H2
The majority of hydrogenation reactions use H2 as a hydrogen donor because of the high BHMF yield obtained at relatively mild reaction temperatures in hydrogen environments (Gilkey et al., 2016). Ru/MnCo2O4 displayed high catalytic activity in methanol at a temperature of 100°C and a pressure of 8.2 MPa H2 for 4 h (Mishra et al., 2020). The high yield of BHMF (98.5%) was due to the high dissociation capacity of Ru, Brønsted acidity of the MnCo2O4 spinel support surface, and increase in the Lewis acidity induced by ruthenium nanoparticles. In comparison to noble metals, transition metals have lower costs and adequate reserves, and consequently, they have attracted considerable attention from researchers. As a result, Co, which is a transition metal, has been widely used for the catalytic conversion of HMF to BHMF. A hydrothermally synthesized monodispersed metallic Co catalyst, Co@C, was used in the selective hydrogenation of HMF, resulting in a 96.0% yield of BHMF at 110°C and 1 MPa H2 for 6 h with methanol as the solvent (Arias et al., 2020). According to this study, the excellent performance of the Co@C catalyst is attributable to the minuscule Co0 nanoparticles coated on the surface of the carbon shell, which provide sufficient catalytic activity.
As previously mentioned, smaller metal nanoparticles have higher dispersion and a more number of catalytically active sites (Arias et al., 2020). Hence, the regulation of the size of the active metal center is critical when designing metal catalysts. Kim’s work provides in-depth guidelines regarding the same for researchers. Kim developed structurally different copper-alumina catalysts, including meso-Cu/Al2O3, cp-Cu/Al2O3, and imp-Cu/Al2O3, via solvent-deficient precipitation (SDP), coprecipitation (CP), and impregnation (IMP) methods, respectively, and used them to catalyze the hydrogenation of HMF (Kim et al., 2021). Under the same reaction conditions, as shown in Table 1, entries 4, 5, and 6, the meso-Cu/Al2O3 catalyst outperformed both impregnated and co-precipitated Cu/Al2O3 catalysts in terms of catalytic activity. This phenomenon is attributable to the fact that SDP approaches provide catalysts with a higher BET surface area, which is 1.5 and 2 times larger than that obtained via cp-Cu/Al2O3 and imp-Cu/Al2O3, respectively; Additionally, it provides a Cu surface area more than double of that achieved using other methods, especially for meso-Cu/Al2O3. The SDP method, which utilizes NH4HCO3 as the precipitator rather than NaHCO3, transforms Cu2+ in the solvent into a fine and uniformly distributed solid crystal, resulting in better dispersion than other catalysts. Along with the size of the metal nanoparticles, the proportion of different active centers significantly influences the catalytic effect. Rao and co-workers described the mechanism of hydrogenation of HMF by Cu/Al2O3 in detail. As illustrated in Figure 1B, the coexistence of Cu0 and Cu2+ species on the catalyst surface affects the catalytic performance (Rao et al., 2021). First, the presence of electrophilic Cu2+ aids the adsorption and activation of the C=O group of HMF via the oxygen lone pair. Hydrogen is dissociated on the Cu0, and the activated carbonyl group on Cu0 is then hydrogenated, resulting in the production of BHMF. Notably, different synthetic methods always result in diverse catalytic performance and physical properties of the catalysts.
[image: Figure 1]FIGURE 1 | (A): The route of formation of 1,6-HT from HMF; (B): Mechanism for the selective conversion of HMF to BHMF over the Cu/Al2O3 catalyst (C): Mechanism for the CTH of HMF to BHMF over the Zr-based catalyst (D): Adsorption configurations of BHMF (E): Mechanism for the selective cleavage of C-OH over the Pt-WOx/TiO2 catalyst.
Under certain reaction conditions, monometallic catalysts cannot simultaneously provide high conversion and selectivity. However, bimetallic systems can outperform monometallic catalysts in terms of catalytic activity owing to the synergistic effects induced by the geometric and electronic interactions of both metals involved (Elsayed et al., 2020; Zhang et al., 2020). Zhao and co-workers used a nickel–cobalt bimetallic catalyst to catalyze the hydrogenation reaction of HMF, obtaining a yield of 93.1% BHMF in a tetrahydrofuran (THF) solvent at 0.5 MPa hydrogen pressure and a reaction temperature of 100°C for 4 h (Zhao et al., 2021). An analysis of the effect on the Ni:Co ratio revealed that Ni exhibited strong catalytic reduction activity, resulting in C-O bond cleavage for the production of DMF, whereas Co inhibited the hydrogenolysis reaction, allowing BHMF to be retained and increasing BHMF selectivity. According to kinetic study results, the active energy required for HMF to BHMF conversion, 39.98 kJ mol−1, is significantly lower than that required for MF, 62.64 kJ mol−1, whereas the active energy required by BHMF for further transformation, 76.25 kJ mol−1, is higher than that of MF, 44.21 kJ mol−1, which is the crucial reason for the high yield of BHMF. Notably, the general reason for catalyst performance degradation after the repeated usage is that the substances absorbed on the catalyst surface during reaction warp the active sides, and this issue can be resolved through calcination in a suitable atmosphere (Huo et al., 2021; Zhao et al., 2022).
Meerwein-Ponndorf-Verley Reaction of HMF to BHMF
While H2 as a hydrogen donor has the advantage of a low reaction temperature, it also has a number of disadvantages, including storage risk, transportation constraints, and minimal safety (Hu et al., 2018b). In comparison to H2, alcohol has the advantages of being easy to transport, having a large supply, and being completely safe. Therefore, researchers have focused on the use of various alcohols as hydrogen donors to convert HMF into BHMF via the Meerwein-Ponndorf-Verley (MPV) reaction. Recently, Elsayed et al. reported the use of a magnetic catalyst, CuO-Fe3O4/AC, to selectively hydrogenate HMF via catalytic transfer hydrogenation (CTH). Although CuO-Fe3O4/AC catalyzed the conversion of HMF to BHMF efficiently at 150°C with a 92% yield of BHMF, the reduction of Cu2+ by ethanol hinders the reusability of the catalyst (Elsayed et al., 2020). Hence, the development of highly efficient and stable catalysts is crucial for the formation of BHMF from HMF via the CTH strategy.
To accomplish the formation of BHMF via CTH, zirconium is commonly used as an active center in the design of a catalyst because Zr2+ has a strong adsorption capacity and electronegativity, which cause the substrate to form a six-membered ring with the alcohol, utilizing the Lewis base synergistically to complete the MPV reaction (Hu et al., 2018a). Figure 1C illustrates the related steps in detail. Although feasible, the CTH of HMF necessitates a high reaction temperature to achieve high conversion using a common supported catalyst. Enhancing the Lewis acid-base property of the catalyst to improve catalytic activity can efficiently reduce the required temperature. Hu and co-workers synthesized a series of high-performance zirconium-containing organic-inorganic nanohybrid catalysts with isopropanol as a clean hydrogen donor (Table 1, entries 8–10) (Hu et al., 2018a; Hu et al., 2019; He et al., 2021). In comparison to the supported catalyst (Alamillo et al., 2012; Wei et al., 2018), Table 1, entries 12 and 13, these metal ligand catalysts efficiently catalyzed the conversion of HMF into BHMF at a mild reaction temperature of 120–140°C with a superior BHMF yield of 93.4–99.2%. Their excellent CTH capacity and stability are due to the Lewis acid-base coordination of organo-functional groups with zirconium (He et al., 2021). Zhou and co-workers evaluated a series of inorganic-biopolymer hybrids (Hf, Zr, Fe, Al, and Zn-Ligs) for catalytic performance to CTH of HMF at 100°C with isopropanol as the hydrogen donor, and the obtained results indicated that only Hf-Ligs and Zr-Ligs showed BHMF selectivity (Zhou et al., 2019). The use of Hf-Ligs as the catalyst resulted in a 90.0% yield of BHMF, which was significantly higher than the yield of Zr-Ligs (60.6%). As Hf-Ligs have the highest base/acid molar ratio among the reported Zr-based catalysts, the CTH reaction temperature is reduced to 100°C.
Many studies have revealed that secondary alcohols are more active than primary alcohols owing to their lower reduction potential, which implies that they can more easily supply hydrogen and promote the CTH of HMF (Fan et al., 2021). There are two shortcomings while considering alcohol as a hydrogen donor in the literature reported: 1) Temperatures required for the reaction are usually high because the active energy required for converting HMF to BHMF via CTH is nearly twice as much as that required while using H2, and 2) when compared to the alcohol oxidized into the corresponding aldehyde or ketone, H2 as a hydrogen donor has the benefit of producing no by-products.
Reduction of the Furan Ring Inside HMF to BHMTHF
For the synthesis of BHMTHF, Ru-based catalysts are typically utilized. Cadu pointed that carbene ligands offered moderate activity and selectivity, with a preference for unsaturated backbones and for bulky aromatic substitution pattern. Di-phosphorus containing ligands offered the highest conversion, leading to a good isolated yield of a mixture of BHMTHF, 87.0% (Cadu et al., 2018). Under optimal reaction conditions, the catalytic conversion of HMF to BHMTHF by Ru/CeOx yields 89.0% with slight ring-opening by-products, 1,2,6-hexanetriol (1,2,6-HT) and 1,2,5-hexanetriol (1,2,5-HT) (Alamillo et al., 2012). In addition, the non-noble metal based catalysts has been applied in synthesis BHMTHF. Kong synthesized Ni-Al hydrotalcite-like catalyst and used it in formation of BHMTHF. The Ni-Al reduced at 450°C exhibited excellent performance to catalytic hydrogenation of HMF into BHMTHF, 96.2% yield under 6Mpa at 60°C for 6 h (Kong et al., 2015).
The above literatures indicated that preventing C-O cleavage is the key for high selectivity of BHMTHF. Yao and co-workers demonstrated that HMF can be converted directly to 1,2,6-HT by opening the furan ring without converting it first to BHMTHF (Yao et al., 2016). The ring-opening reaction did not occur in the upper layer below 100°C but accelerated rapidly as the reaction temperature increased to 120°C. Increasing the temperature resulted in a significant decrease in the 1,2,6-HT yield (41.9–20.1%), but no significant change in the BHMTHF yield (14.6–14.5%) was observed, indicating the attainment of an equilibrium between the amount of BHMTHF generation and consumption. Yang and co-workers prepared a Pd supported on layered double hydroxides (LDHs) catalyst for the selective hydrogenation of aromatic furfurals into aliphatic tetrahydrofurfural derivatives with over 92.0% selectivity and achieving a close-to-complete conversion of HMF (Yang et al., 2020). The effects on the solvent suggest that the polar solvent can prevent LDHs from adsorbing carbonyls, resulting in excellent selectivity for tetrahydrofurfural derivatives. As shown in Figure 1D, different HMF adsorption configurations on metal surfaces result in different product distributions. The C-O-C of BHMF activated by the catalyst was strongly adsorbed on the catalyst surface and then cleaved by reactive hydrogen. Correspondingly, the catalyst triggered the parallel adsorption of the furan ring of BHMTHF and then reduced it to BHMTHF. The geometric selectivity of the two absorption modes is due to the structure of LDHs, which prevents BHMF from moving. Notably, LDH catalysts exhibit the ability for parallel adsorption to the furan ring (Yao et al., 2016; Yang et al., 2020; Kong et al., 2015).
STRAIGHT CHAIN DIOL PRODUCTION
Apart from the catalytic hydrogenation of the carbonyl group on the furan ring, the furan ring undergoes a variety of diverse and complex reactions, as illustrated in Figure 1A (Buntara et al., 2011; Yao et al., 2016; Enjamuri et al., 2020). Among those products, 1,6-HD is the key monomer of polyesters, polyester polyols, and polyurethanes (Krishna et al., 2017; Li et al., 2016; Zhang et al., 2017). Owing to its low environmental impact and high performance, 1,6-HD is widely used, primarily in polyurethanes. Because of the high requirements for downstream products, such as thermoplastic polyurethanes, elastomers, and coatings, the demand for 1,6-HD is increasing rapidly. Excellent properties, such as a high mechanical strength, low glass transition temperature, and high heat resistance, lead to unique advantages compared to other polyurethanes. Despite the fact that the overall output of 1,6-HD reached over 15.65 t/a in 2018, the global 1,6-HD market continues to grow at a rapid pace owing to the rising polyurethane demand (Enjamuri et al., 2020).
Buntara and co-workers demonstrated for the first time that 1,6-HD can be synthesized using HMF via a multi-step process that comprises the hydrogenation of the furan ring to BHMTHF, followed by the cleavage of the C-O-C bond to 1,2,6-HT and 1,6-HD (Buntara et al., 2011). According to a 2018 study, the Pt-WOx/TiO2 catalyst catalyzes the cleavage of the C-O-C bond inside BHMTHF to form 1,2,6-HT, which is then converted into 1,6-HD (He et al., 2018). The H atoms (H+ and e−) produced through hydrogen dissociation diffuse across TiO2, during which electrons reduce Ti4+ to Ti3+ and then react with a W=O species, reducing W6+ to W5+ to form a Brønsted acid site, W-OH, as illustrated in Figure 1E. Finally, the Brønsted acid site catalyzed C-O cleavage of BHMTHF and 1,2,6-HT to complete hydrodeoxidation. Stephens and co-workers reported a mechanistic study of the conversion of 1,2,6-HT to 1,6-HD over Pt-WOx/TiO. Using D2 and H2, the hydroxyl group on C2 was dehydrated, resulting in carbocation via W-OH species, and thereafter, W-O- acquired the hydrogen atom on C1 to form an aldehyde, which interacted with D2 to form 1,6-HD (Stephens et al., 2020). Noble metals have a high hydrogen dissociation capacity and reduce metal oxides to metal hydroxides or create oxygen vacancies to catalyze the dehydration of hydroxyl groups. As a result, the design of catalysts, with metal oxidation and noble metals, has emerged as a prominent strategy for the selective cleavage of C-OH (Guan et al., 2020; Stephens et al., 2020).
Furthermore, there is an efficient strategy for the direct conversion of HMF into 1,6-HD utilizing double-layered catalysts of Pd/SiO2 + Ir–ReOx/SiO2 in a fixed-bed reactor (Xiao et al., 2016). The bottom layer Pd/SiO2 catalyst was used for the hydrogenation of the furan ring and carbonyl to BHMTHF, and Ir–ReOx/SiO2 was used for the hydrodeoxygenation of BHMTHF to 1,6-HD. When THF was replaced with water, the yield of 1,6-HD increased, but the yield of BHMTHF decreased. The yield of 1,6-HD decreased as the amount of water increased owing to the formation of hexanol during hydrogenolysis. Water acts as a polar solvent, causing the oxonium to escape. The hydrogenolysis of 1,2,6-HT is a challenging step in 1,6-HD synthesis. Therefore, it is necessary to investigate novel reaction pathways. For the first time, the Pd/ZrP catalyst was employed to directly synthesize 1,6-HD from HMF at atmospheric pressure using formic acid (FA) (Tuteja et al., 2014). The dissociation of FA distributed on the catalyst, formation of in situ hydrogen, and adsorption to C-O-C and C=O bonds via electrostatic interactions with the acidic ZrP support contributed to this outcome. Mechanistic studies indicated that HMF was adsorbed onto the active center and that the support of the catalyst enabled the direct conversion of the furan ring into hex-1,3,5-trine-1,6-diol under the action of acidic sites. With three conjugated C=C bonds, the intermediate reacted with H2 derived from FA via Pd to form 1,6-HD. Despite new literature and research into 1,6-HD, converting HMF into 1,6-HD with a high yield via a one-step process remains challenging with the existing technology.
CONCLUSIONS AND PERSPECTIVES
Biomass has received significant interest in recent decades as a renewable feedstock. Highly efficient catalysts play an important role in selective biomass conversion. In this respect, metal catalysts have been extensively used in the hydrogenation of HMF with promising results. To synthesize BHMF, it is necessary to selectively reduce the C=O bond rather than cleave the C-H bond. The generation of nonaromatic diols from HMF should be the focus of future research. Notably, the polyester industry has a high demand for 1,6-HD, which is synthesized via the ring-opening reaction of BHMF or BHMTHF and reduction of the hydroxyl of 1,2,6-HT (1,6-HEXANEDIOL MARKET, 2019; GLOBAL 1,5-PENTANEDIOL MARKET, 2019). For a number of reasons, the formation of diols is difficult: 1) Despite prior research demonstrating the feasibility of using nickel- and cobalt-based catalysts for the synthesis of BHMTHF from HMF, the reduction or ring-opening of the furan ring requires a high H2 pressure; 2) the hydroxyl group has a low reactivity without the conjugation of the furan ring. These are the challenges that hinder the development of diol production.
Considering the current state of development, some prospects for the advancement of diol production are identified as follows: 1) Using a liquid hydrogen donor to convert HMF to biomass-derived diols employing a non-noble metal catalyst seems promising owing to the abundance of biomass, ease of transportation, and safety. FA as a hydrogen donor does not produce any additional by-products, and being a Brønsted acid, FA can assist in the ring-opening reaction of substances, allowing the formation of 1,6-HD efficiently. Although alcohol oxidation occurs while using the CTH strategy to form BHMF, the low-boiling-point ketone and aldehyde can be removed via purification. 2) The conversion of BHMF into a valuable derivative appears to be more promising than the conversion of HMF, which is neither thermally nor chemically stable. Hence, employing glucose or even cellulose as a raw material to directly synthesize BHMF with high selectivity seems advantageous. Zhang and co-workers achieved a 48.2% BHMF yield in a fixed bed reactor by directly converting fructose at 140°C over a Cu/ZnO/Al2O3 catalyst. The conversion of cellulose to BHMF might lead to significant advancements in biomass research. 3) The catalysis of the Brønsted acid, which forms up on metal oxidation after reaction with H atoms for the C-O bond, is essential for the cleavage of the C-OH and C-O-C bonds. Although noble metal catalysts can successfully catalyze the synthesis of 1,6-HD, their high costs render the diol production challenging. Therefore, developing a non-noble metal catalyst to catalyze the synthesis of 1,6-HD is a challenge that must be addressed. Employing a metal-ligand catalyst with a Brønsted acidic functional group could represent a breakthrough in the production of the 1,6-HD from HMF using a non-noble catalyst. Acidic functional groups act directly on the C-O bond, instead of metal oxidation. The direct formation of 1,6-HD from HMF, as the main monomer of the polymer, is expected to inspire researchers working in the field of biomass conversion.
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In recent years, unsupported MoS2-based catalysts have been reported as promising candidates in the hydrodeoxygenation (HDO) of bio-oil. However, preparing MoS2-based catalysts with both high activity and good stability for HDO reaction is still challenging and of great importance. Hence, this mini-review is focused on the recent development of unsupported MoS2-based HDO catalysts from the understanding of catalyst design. The three aspects including morphology and defect engineering, metal doping, and deactivation mechanism are highlighted in adjusting the HDO performance of MoS2-based catalysts. Finally, the key challenges and future perspectives about how to design efficient catalysts are also summarized in the conclusions.
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INTRODUCTION
With the continuous consumption of fossil fuels, the energy problem has become more serious in modern society. Therefore, a lot of research studies in the energy field have focused on finding a new fuel that can replace traditional fossil fuels, which could be compatible with existing infrastructure, sustainable, and reduce CO2 emissions (Jiang et al., 2021). In recent years, bio-oil obtained from flash pyrolysis of biomass is considered a potential fuel in the future because of its wide range of raw materials and renewable (Qu et al., 2021).
Compared with fossil fuels, the oxygen content in bio-oil is very high (up to 40 wt.%). This component characteristic results in the disadvantages of low heating value, high viscosity and acidity, and poor thermal stability. Therefore, bio-oil must be upgraded through hydrodeoxygenation (HDO) to reduce the oxygen content before being used as an excellent fuel (Figure 1A). Thus, developing catalysts with excellent catalytic performance is crucial for the bio-oil HDO process. As the most commonly used catalysts for hydrodesulfurization (HDS) in industry, supported transition metal sulfides (CoMoS/Al2O3 or NiMoS/Al2O3) also have been frequently investigated in the HDO reaction due to their low cost and mature technology. However, the HDO activity of supported catalysts is not very ideal, which usually requires harsh reaction conditions of 300°C or above. Under high reaction temperature, the sulfide catalysts will undergo a fast deactivation due to sulfur loss without sulfur compensation from external sources during the reaction process (Wandas et al., 1996; Wang et al., 2015a; Liu et al., 2017). Recently, unsupported MoS2-based catalysts have been reported to show much better HDS and HDO activity than supported counterparts because of the high density of active sites, which is especially suitable for dealing with large molecules (Wang et al., 2009; Wang et al., 2014b). More importantly, the unsupported catalysts provide an ideal platform for studying the structure-performance relationship due to the absence of support. Over the past decade, a lot of studies have been carried out on how to improve the HDO activity, selectivity, and stability of unsupported MoS2-based catalysts.
[image: Figure 1]FIGURE 1 | (A) Upgrading of lignin-derived bio-oil through HDO process. (B) Reaction pathways over MoS2-based catalysts. Reproduced with permission from (Wang et al., 2014d). Copyright (2014) American Chemical Society. (C) Proposed HDO mechanism of 2-ethylphenol on MoS2-based catalyst. Reproduced with permission from (Mortensen et al., 2011). Copyright (2011) Elsevier. (D) Three aspects to improve the HDO performance of MoS2-based catalysts.
Hence, in this mini-review, we firstly reviewed in detail how to study the structure-performance relationship through morphology and defect engineering of MoS2 catalysts. Then, the effect of metal doping on the active phase structure and HDO performance of the MoS2 catalyst are summarized. Moreover, the deactivation mechanism and how to inhibit the deactivation of MoS2-based catalysts in the HDO process is also introduced. Finally, we analyzed the challenges and future opportunities to design highly efficient unsupported MoS2-based HDO catalysts.
MORPHOLOGY AND DEFECT ENGINEERING
MoS2 is a typical two-dimensional layered compound, which has two morphology parameters of slab length and layer number (Figure 1D). These two parameters could be visualized by high-resolution transmission electron microscopy (HRTEM) observation from the length and number of black fringes in the HRTEM images, respectively (Lai et al., 2016; Cao et al., 2021b). For unsupported MoS2-based catalysts, it is important to boost the number of active sites by increasing the Mo dispersion. Hence, shortening the slab length or decreasing the layer number of MoS2 can both improve its HDO activity. Due to the weak Van der Waals force between the adjacent layers, MoS2 can be easily exfoliated into few-layer or even single-layer nanosheets by some physical or chemical methods (Zhu et al., 2018; Cao et al., 2021c). A simple and effective hydrazine-assisted liquid exfoliation method was developed to exfoliate the commercial MoS2 to few-layer nanosheets (Liu et al., 2016). The HDO activity was remarkably enhanced for few-layer MoS2 nanosheets due to the exposure of more active surface sites. In addition, the layer number of bulk MoS2 was further decreased to monolayer by n-butyllithium exfoliation, and the conversion was extraordinarily improved from 25.8% of bulk MoS2 to 98.7% of single-layer MoS2 in the HDO of 4-methylphenol (Liu et al., 2017). This result demonstrates that preparing few-layer, especially monolayer MoS2 is an effective way to design highly efficient HDO catalysts. Various methods have been developed to synthesize unsupported MoS2 catalysts such as hydrothermal (Cao et al., 2021a; Zhang C. et al., 2021), ball milling (Wang C. et al., 2014), thermal decomposition (Yi et al., 2011), and solution method (Genuit et al., 2005). Among the abovementioned methods, the hydrothermal method is most widely used due to the advantages of simple operation and controllable morphology of the product. In the hydrothermal procedure, temperature, pH value, and surfactants showed a great effect on the morphology of the MoS2 product. For example, an acidic environment in the hydrothermal process was helpful to facilitate the nucleation and prepare smaller MoS2 particles, thus resulting in enhanced activity in the HDO of p-cresol (Wang et al., 2015b; Zhang C. et al., 2018). A higher initial synthesis temperature could promote fast nucleation and shorten the MoS2 slab length (Zhang et al., 2015). The layer number of MoS2 was adjusted successfully by adding different types of surfactants in the hydrothermal procedure and then the morphology-performance relation in the HDO of 4-methylphenol was studied (Wang et al., 2014d). There are two parallel reaction routes for the HDO of phenols over MoS2-based catalysts, which are defined as direct deoxygenation (DDO) and hydrogenation-dehydration (HYD). It was found that MoS2 catalyst with lower stacking showed a higher HYD selectivity, and the DDO route was favored by using MoS2 with higher stacking degree (Figure 1B). This phenomenon was well explained by the Rim-Edge model proposed in the HDS field (Daage and Chianelli, 1994). Therefore, the HDO selectivity could be precisely regulated by adjusting the layer number of MoS2 particles.
Generally, the coordinatively unsaturated sites (CUS) on the edge planes are considered active centers of MoS2 catalysts while the atoms on the basal planes are catalytically inert (Figure 1C) (Lauritsen et al., 2004). Therefore, creating defects on the basal planes is another important approach to increase the number of active sites (Figure 1D). Some strategies such as etching (Zhang W. et al., 2018; Wang et al., 2020), gas treatment (Li et al., 2019), or plasma bombardment (Tao et al., 2015) have been utilized to create defect sites on the basal planes. The location and type of defects can be directly observed by HRTEM, and the quantity information can be obtained by electron paramagnetic resonance (EPR) characterization (Wu et al., 2020). Recently, we have synthesized MoS2 nanosheets with rich defects through in situ etching by adding excess sulfur sources via a simple one-pot hydrothermal method (Zhang C. et al., 2021). The HDO activity was improved 1.7 folds through defect engineering within the basal planes. Zhang et al. reported a facile H2O2 etching strategy to tailor the concentration of sulfur vacancies by altering the H2O2/MoS2 molar ratio (Zhang Y. et al., 2021). The catalytic performance evaluation results revealed a linear relationship between the HDO activity and the degree of sulfur vacancies, further suggesting that sulfur vacancies acted as catalytic centers for the HDO reaction. The synthesis of amorphous MoS2 with low crystallinity is also one of the means to increase the number of defects. It was found that incorporating organic solvents or hydrazine in the hydrothermal method was conducive to obtaining amorphous MoS2 with a defect-rich structure. A bent and multilayered amorphous MoS2 was synthesized by utilizing (NH4)2MoS4 as a raw material and decalin as an organic solvent, and the HDO activity was enhanced by 31% compared with the crystalline MoS2(Yoosuk et al., 2012). Co-doped MoS2 nanoflowers with abundant defects by adding hydrazine to the hydrothermal system was prepared, which displayed an excellent p-cresol HDO performance (Song et al., 2018a). More importantly, the defects on the basal planes could provide additional anchor sites to accommodate promoter atoms. Recently, we have found that the content of the Co-Mo-S active phase was improved significantly by creating numerous defects on the basal planes of MoS2 support even impregnated with the same amount of Co promoters (Zhang C. et al., 2021). As a result, the Co-doped few-layer and defect-rich MoS2 achieved a 100% HDO conversion of p-cresol and 99.7% selectivity of toluene at 230°C. The increased surface sulfur defects produced by H2O2 etching were ideal platforms for stabilizing Co atoms to form the Co-Mo-S phase. The HDO activity of Co-MoS2 catalysts was increased 3.4 times by optimizing the etching conditions (Zhang Y. et al., 2021).
METAL DOPING AND SYNERGISM STUDY
In general, the activity of unpromoted MoS2 is far from sufficient for catalyzing the HDO reaction effectively. Hence, it is essential to weaken the Mo-S bond through metal doping to reduce the formation temperature of sulfur vacancy. Co is the most commonly used metal to promote MoS2 because the DDO route is more favored for Co-doped catalysts which could minimize the H2 consumption. Based on the reported literature, there are mainly four different structures of catalytic centers for Co-promoted MoS2 catalysts (Figure 1D): (I) Co-Mo-S, (II) CoS2-MoS2, (III) Co-S-Mo (or called Co atom-MoS2), and (IV) Co NPs-MoS2 (NPs: nanoparticles). The four different catalytic active phases were obtained by tailored preparation methods, which resulted in a variety of synergistic mechanisms.
The Co-Mo-S model is the most accepted active phase structure in the field of HDS, in which Co atoms are preferentially located on the edge planes of MoS2. In our recent work, Co-doped nano-MoS2 catalysts with Co-Mo-S as an active phase were obtained by impregnating the as-prepared MoS2 with Co(CH3COO)2 followed by sulfidation in H2S/H2 atmosphere (Cao et al., 2021a). The temperature-programmed reduction (TPR) results displayed that the reduction peak was shifted from 285°C for MoS2 to 224°C for Co-doped nano-MoS2, which suggests a greatly decreased temperature for producing coordinative unsaturated sites (CUS). Also, it was found the Co content had a huge effect on the structure of the active phase and catalytic performance. If a small amount of Co are introduced, all Co atoms are preferentially located at the edge planes to form the Co-Mo-S phase. When the content of Co is further increased, the Co9S8 phase is gradually formed after the edge sites are fully occupied. However, too much Co content is not suggested because the larger Co9S8 would block some of the active sites. Also, the optimized catalyst with a Co/(Co + Mo) molar ratio of 0.3 had both Co-Mo-S and small Co9S8 particles, which embodies a synergistic effect between Co-Mo-S and Co9S8 phases. The HDO activity and toluene selectivity were improved dramatically from 16.9 to 65.0% of MoS2 to 98.7 and 98.9% of Co/MoS2-0.3 at 220°C. Another well-known model in the field of hydrorefining is the Remote-Control model, in which the independent CoxSy phase acts the role to provide spillover hydrogen. Wang et al. adopted a two-step hydrothermal method which obtained separated CoS2 and MoS2 phases in the resulted catalysts rather than the Co-Mo-S phase prepared by one-step hydrothermal method (Wang et al., 2016b). The CoS2/MoS2 showed an excellent HDO activity of 97.8% and a high toluene selectivity of 99.2% at 250°C. The unprecedented HDO performance was attributed to the large surface area and the synergism between CoS2 and MoS2. More interestingly, the CoS2 and MoS2 interface was in situ reconstructed into Co-Mo-S by H2 pre-reduction treatment, resulting in a large amount of surface Co-Mo-S active phase toward efficient HDO of p-cresol (Liu et al., 2020). In early electrochemical research, researchers found that sulfur vacancy has a strong adsorption capacity for Co complexes. On the basis of this discovery, Liu et al. prepared a single-layer MoS2 catalyst doped with isolated Co atoms (Co-SMoS2) by hydrothermal treatment of monolayer MoS2 with Co(thiourea)42+. The EXAFS and HAADF-STEM characterization results confirmed that single Co atoms were covalently bonded to the sulfur vacancies on the basal planes to form a new Co-S-Mo active phase (Liu et al., 2017). The theoretical calculation results showed that the proximal sites around Co-S-Mo were energetically favorable for the formation of sulfur vacancies, thus making Co-SMoS2 an extremely active and selective catalyst in the HDO reactions. Meanwhile, superior stability was also observed due to the low operating temperature at 180°C. An in situ interfacial reactions was adopted to prepare MoS2-x catalyst supported by Co nanoparticles (Co NPs-MoS2) based on the reducibility of defection-rich MoS2-x (Wu et al., 2020). The HRTEM and DFT results showed that Co NPs were energetically favored to adsorb on the defects to form a metal-vacancy interface. Also, the Co NPs promoted the formation of new sulfur vacancies at the proximal sites as evidenced by TPR results. More importantly, the DFT results showed that the adsorption energy of 4-methylphenol and the reaction energy barrier were significantly decreased on Co NPs-MoS2, which endowed the catalyst exhibit the lowest reaction temperature (120°C) up to now.
Ni is also a commonly used promoter to improve the catalytic performance of MoS2. However, Ni-promoted MoS2 catalysts usually have high hydrogenation activity because Ni is more capable of adsorbing and activating H2. Ni-Mo-S and NiS2//MoS2 catalysts with the same Ni/Mo molar ratio by one-step hydrothermal method and two-step hydrothermal method were prepared, respectively (Wang et al., 2015a). It was found that NiS2//MoS2 showed a much higher p-cresol conversion than Ni-Mo-S, which indicated that the synergistic effect between Ni promoters and MoS2 came from the spillover hydrogen rather than the Ni-Mo-S phase (Wang et al., 2016a). The optimized NiS2//MoS2 showed a p-cresol conversion of 95.8% and a methylcyclohexane selectivity of 55.6% at 275°C for 4 h. Although Fe is much cheaper than Co and Ni, Fe has attracted little research interest because of its poor performance in promoting MoS2. Recently, Fe-promoted MoS2 catalysts by one-step hydrothermal method, which exhibited separated FeS2 and MoS2 phases were prepared (Guo et al., 2019). However, the FeS2 was transformed into FeS after a pretreatment in H2 and the HDO activity was significantly enhanced. The authors concluded that FeS was a better promoter than FeS2 for MoS2, and acts as a donor of activated hydrogen in the HDO reaction.
According to a recent report, precious metals such as Pt can also play a synergistic role in promoting the HDO activity of unsupported MoS2 catalysts. A metal insertion-deinsertion strategy was adopted to prepare Pt-MoS2-x catalysts in which Pt4+ initially substituted the Mo4+ on the basal planes and then Pt species was deinserted to be anchored on the adjacent sites (Wu et al., 2022). As a result, a large number of edge sites were created at the proximal sites of the Pt-edge interface within the basal planes which are originally inert. Thus, the optimized Pt-MoS2-x catalyst displayed extraordinary catalytic activity in the HDO of p-cresol, which achieved a conversion of 100% and a methylcyclohexane selectivity of 96.3% at 120°C. The DFT calculation results showed that the metal-edge interface was beneficial for lowering both the adsorption energy of reactants and the energy barrier of the HDO reaction. We have summarized the HDO performance of some unsupported MoS2-based catalysts in the past decade utilizing p-cresol as a probe molecule (Table 1).
TABLE 1 | Comparison of the catalytic performance in the HDO of p-cresol for MoS2-based catalysts from the literatures.
[image: Table 1]DEACTIVATION MECHANISM AND MEASURES TO INHIBIT DEACTIVATION
Deactivation is a serious problem when MoS2-based catalysts are applied in the HDO reactions, which include two main causes such as sulfur loss and coking (Figure 1D). As the bio-oil does not contain sulfur, sulfur will be gradually lost due to S-O exchange, and the presence of H2O product will aggravate this process. Therefore, the following strategies have been carried out in order to inhibit catalyst deactivation due to sulfur loss. The first type of method is the co-feeding of sulfur-containing compounds such as H2S or benzothiophene. Adding an appropriate amount of H2S to the reaction system could well maintain the activity and stability of NiMo and CoMo catalysts due to the increased concentration of -SH groups (Dabros et al., 2018). A small amount of benzothiophene in the feed is helpful to inhibit catalyst deactivation because the H2S molecules produced by HDS of benzothiophene will adsorb on the active sites and weaken the negative effect of water (Wang et al., 2018). However, excessive benzothiophene introduction resulted in a decrease in HDO activity due to competitive adsorption between H2S and p-cresol. More importantly, it should be noted that contamination of bio-oil products is inevitable by adding sulfiding agents. To overcome this shortcoming, a surface hydrophobic treatment strategy was proposed in which the generated water is removed from the surface immediately, thus improving the cyclic stability of MoS2-based HDO catalysts. For example, the surface hydrophobicity of MoS2 was enhanced significantly by silicomolybdic acid modification as revealed by the contact angle results (Wu et al., 2019). After recycling for three runs, the p-cresol conversion of the modified MoS2 catalyst only showed a slight loss of 0.4%, which is much lower than that of the original MoS2 (9.2%). Carbon coating is another surface hydrophobic modification method to prevent sulfur loss in the HDO process. Amorphous carbon-coated CoS2-MoS2 catalysts were prepared by adding polyvinylpyrrolidone (PVP) to the hydrothermal system (Wang et al., 2017). The hydrophobic carbon layer covered on the surface effectively prevented the oxidation caused by water, and the HDO activity of CoS2-MoS2 decreased by only 2.6% after recycling three times. Lowering the reaction temperature is also an effective way to inhibit sulfur loss. The Co-SMoS2 maintained excellent HDO activity and selectivity without sulfur loss after using seven cycles, which is attributed to the greatly decreased reaction temperature from 300°C of traditional CoMo/Al2O3 catalysts to 180°C (Liu et al., 2017). The Co NPs-MoS2 and Pt-MoS2-x catalysts reported (Wu et al., 2020; Wu et al., 2022) also showed superior stability in the HDO of p-cresol due to the further lowered operating temperature of 120°C.
Coking is a general problem for catalyst deactivation by decreasing the surface area and blocking the active sites. The total pore volume of the Co-MoS2/Al2O3 catalyst was reduced by 1/3 due to carbon deposition in the initial stage (Fonseca et al., 1996). In our previous works, the Raman characterization of spent Co/MoS2 catalysts after running for 72 h at 220°C showed typical peaks at 1,350 and 1,586 cm−1 attributed to graphitic carbon species. In addition, the coke content was 4.4 wt.% determined by CHNS analysis, and the combination of carbon deposition and sulfur loss jointly resulted in the decrease of HDO conversion by 2.8% (Zhang C. et al., 2021). In order to reduce the formation of coking, some measures could be adopted such as reducing the acidity of catalysts or increasing the hydrogen pressure.
CONCLUSION AND FUTURE PERSPECTIVES
In this mini-review, we summarized the recent progress of unsupported MoS2-based catalysts in the HDO of bio-oil. Reducing the layer number of MoS2, especially to a single-layer could significantly improve the HDO activity. Creating defects within the basal planes is also an effective way to enhance the HDO activity, especially for metal-promoted MoS2 catalysts because it provides additional anchoring sites. The regulation of HDO selectivity is easily realized by just adjusting the layer number of MoS2. Co and Pt doping can both significantly improve the HDO activity and stability of MoS2 catalysts, while Co-promoted catalysts are more potential due to the minimized H2 consumption. Four different active phases including Co-Mo-S, CoS2-MoS2, Co-S-Mo, and Co NPs-MoS2 have been proposed to construct highly efficient CoMo bimetallic catalysts. Sulfur loss and coking are the main factors to cause deactivation, which could be alleviated by co-feeding of sulfiding agents, surface hydrophobic treatment, and lowering the reaction temperature.
Although tremendous progress has been achieved in the construction of efficient MoS2-based HDO catalysts, there are still some challenges to be solved in future research. 1) Simple synthesis of monolayer MoS2 nanosheets with rich defects which are ideal supports to prepare CoMo bimetallic catalysts. 2) Experimental and theoretical comparison of the four different active phases of Co-promoted catalysts to figure out which model is best for designing highly efficient CoMo bimetallic catalysts. 3) Deactivation study by using real bio-oil as feedstock and determination of the sulfur loss and coke content.
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With activated carbon as raw material, AC-Ph-SO3H was prepared after oxidation with nitric acid, modification with halogenated benzene and sulfonation with concentrated sulfuric acid. After modified by 10% bromobenzene with toluene as a solvent for 5 h, followed sulfonation with concentrated sulfuric acid at 150°C, the -SO3H content of prepared AC-Ph-SO3H was 0.64 mmol/g. Acid content test, infrared spectroscopy and Raman spectroscopy detection proved that the surface of AC-Ph-SO3H was successfully grafted with -SO3H group. When used as a catalyst for the methylation of palmitate acid, the catalytic performance of AC-Ph-SO3H was explored. When the reaction time was 6 h, the amount of catalyst acid accounted for 2.5 wt% of palmitic acid, and the molar ratio of methanol/palmitic acid was 40, the esterification rate of palmitic acid was 95.2% and the yield of methyl palmitate was 94.2%, which was much better than those of its precursors AC, AC-O, and AC-Ph (both about 4.5%). AC-Ph-SO3H exhibited certain stability in the esterification reaction system and the conversion rate of palmitic acid was still above 80% after three reuses.
Keywords: halogenated benzene, activated carbon, sulfonic acid catalyst, palmitic acid, biodiesel
1 INTRODUCTION
Fossil energy plays an extremely important role in the national economy and people’s livelihood, and is a strong driving force for human progress and social development (Darda et al., 2019; Antar et al., 2021). With the rapid development of the global industry, the consumption of oil resources is increasing day by day, resulting in a decrease in oil reserves and serious environmental problems. More and more countries have begun to pay attention to new energy sources that can replace fossil energy. Biodiesel is considered to be an effective substitute for fossil energy with the advantages of high safety in use, excellent environmental protection properties, good ignition performance and good lubricity (Gebremariam and Marchetti, 2018a; Singh et al., 2020). Homogeneous acid catalysts such as sulfuric acid, nitric acid, and phosphoric acid are often used in the traditional production process of biodiesel (Su, 2013; Gebremariam and Marchetti, 2018b). However, homogeneous acid catalysts have some unavoidable defects, such as strong protonic acid catalysts that are easy to corrode production equipment during the reaction process, difficult to separate and recycle when mixed with products after the reaction, and generate waste acid and pollute the environment, etc. (Wancura et al., 2020) Therefore, in the pursuit of green and sustainable development, the application of homogeneous acid catalysts is becoming less and less popular. Heterogeneous catalysts, which can perfectly avoid the above problems, have attracted more and more attention of researchers (Jayakumar et al., 2021; Esmi et al., 2022). However, many existing heterogeneous catalysts also have some shortcomings, such as high catalyst preparation cost, low catalytic activity, slightly poor reuse performance, long time and high temperature for catalytic reaction, etc. (Hsiao et al., 2020; Mukhtar et al., 2022) Therefore, the development and preparation of highly active, low-cost, and multi-functional heterogeneous catalysts used in catalyzing the synthesis of biodiesel, has far-reaching significance for realizing the effective replacement of fossil energy and promoting social development.
For the advantages of high acid density, good thermodynamic stability, excellent surface hydrophobicity, high chemical stability and other characteristics, carbon-based solid acids have gradually been developed into popular catalysts that attract the interest of many researchers (Vakros, 2018; Tang and Niu, 2019; Tobío-Pérez et al., 2022). In addition, carbon-based solid acid catalysts can be prepared using inexpensive and renewable biomass and its derivatives as raw materials (Rocha et al., 2019; Wilk et al., 2020), and the required production cost is low. Rocha (Rocha et al., 2019) prepared sulfonated activated carbon from corn cobs and used it as catalyst for biodiesel production using microwave-assisted transesterification of soybean oil with ethanol, and the yield of product was 88.7%. While there are some problems such as poor stability and easy shedding of acidic functional groups due to the leaching of–SO3H groups or small molecular fragment on surface structure of amorphous carbon (Ma et al., 2020; Yusuff et al., 2022). Tang (Tang and Niu, 2019) synthesized a series of carbon-based solid acid catalysts from bamboo, which showed a strong acid density of 1.28 mmol g−1 and excellent catalytic performance in esterification reaction, but the biodiesel yield declines to 83.7% after fourth reused cycle of the catalyst. Ma et al. (2020) produced microporous lignin-derived carbon-based solid acid with lignin as a carbon precursor, and used it in the esterification of oleic acid with methanol. The conversion of oleic acid reached 92.3% but reduced to 72.9% after recycling for five times. Using skeleton-stabilized activated carbon materials to prepare solid acids to avoid the shedding of surface functional groups is an effective way to prepare carbon-based solid acids. But due to the stable structure of the activated carbon surface, there are few sulfonable functional groups on the surface, and it is difficult to be grafted with strong acid functional groups directly with sulfonation. Therefore, the development of new methods to introduce sulfonable functional groups on the surface of activated carbon is of great significance for the preparation of activated carbon-based solid acids.
In this research, in view of the fact that there are basically no sulfonated sites on the surface of activated carbon (AC) materials, oxidation with nitric acid was used to destroyed the surface structure of activated carbon and lead to generate a certain amount of oxygen-containing functional groups, which can be coupled with halobenzenes to create sulfonated sites on the surface. Then activated carbon-based solid sulfonic acid (denoted as AC-Ph-SO3H) was further prepared by using concentrated sulfuric acid as sulfonating agent. The effect of modification conditions on the content of sulfonic acid groups on AC surface was investigated, and its stability in different solvents was also investigated. The catalytic performance of the prepared AC-Ph-SO3H in the preparation of biodiesel by methyl esterification of palmitic acid was investigated and discussed.
2 EXPERIMENTAL
2.1 Materials
Activated carbon (AR, Xilong Chemical Co., Ltd., China); concentrated hydrochloric acid (AR, Chongqing Chuandong Chemical Co., Ltd., China); concentrated sulfuric acid (98%) (AR, Chengdu Jinshan Chemical Reagent Co., Ltd., China); concentrated nitric acid (AR, Guangdong Guanghua Technology Co., Ltd.,China). Other reagents were all of analytical grade and purchased from Sinopharm Group Chemical Reagent Co., Ltd., China.
2.2 Preparation of AC-Ph-SO3H
With AC as raw material, AC-Ph-SO3H was prepared by sulfonation with concentrated sulfuric acid after oxidizing with nitric acid and modified by halogenated benzene. The general process of preparation was as follows: 2 g activated carbon and 20 ml 12 mol/L nitric acid was added into a three-necked flask equipped with a condenser and a thermometer and was reacted at 100°C for 8 h. After the reaction was completed, the oxidized activated carbon (denoted as AC-O) was prepared by washing with water and drying. Then 2 g AC-O was added into 50 ml of 0.1 mol/L NaOH aqueous solution, stirred for 12 h, filtered, washed and dried to obtain AC-ONa. 2 g AC-ONa was added into 20 ml halobenzene solution of a certain concentration, reacted at reflux temperature for a certain time, followed by being filtered, washed and dried to prepare halobenzene modified activated carbon (denoted as AC-Ph). 2 g of AC-Ph was added to 20 ml of concentrated sulfuric acid, and stirred at 150°C for 4 h. After the reaction was completed, AC-Ph-SO3H was prepared after being filtered and washed until neutral.
2.3 Structural Analysis of AC-Ph-SO3H
2.3.1 Determination of Acid Functional Group Content
The acid contents of samples were analyzed using Boehm titration (Scheibe et al., 2010). The specific methods include: 1) Determination of strong acid content: 50 mg of sample was added into 20 ml 2 mol/L NaCl and ultrasonically treated for 30 min, followed with filtered and washed with water. Then 0.01 mol/L NaOH was used to titrate the filtrate with phenolphthalein as an indicator to determine the content of strong acids such as -SO3H; 2) Determination of the content of medium and strong acids: 50 mg of the sample was added into 20 ml of 0.01 mol/L NaHCO3 and ultrasonically treated for 30 min, followed with filtered and washed with water. Then the filtrate was titrated with 0.01 mol/L HCl with bromocresol green-methyl red as an indicator to determine the contents of strong acids such as -SO3H and medium-strong acids such as -COOH.
2.3.2 Stability Test of Acidic Functional Group
The stability of -COOH and -SO3H in different solvents was tested as follows. 2 g carbon material and 20 ml different solvents were added to the reflux condensation device. After refluxing for a certain time, the content of acidic functional groups of the material was measured after being filtrated, washed with ethanol and distilled water and dried.
2.3.3 Analysis of Surface Structure of AC-Ph-SO3H
The functional groups on the surface of the samples were analyzed by infrared spectroscopy. The used infrared spectrometer was Perkin Elmer 283 with DTGS/KBr detector. The test conditions were: the measurement wavenumber range was 4,000–400 cm−1, the resolution was 4 cm−1, and the acquisition rate was 20 times/min. The carbon skeleton of activated carbon before and after modification was tested by DXR laser microscope Raman spectrometer (laser wavelength 780 nm), the wavelength range was 50–3,250 cm−1, the exposure time was 5 s, the exposure times were 10 times, and the laser intensity was 5 mW.
2.4 Catalytic Performance of AC-Ph-SO3H in the Methylation of Palmitate
The catalytic performance of AC-Ph-SO3H in the preparation of biodiesel from methylation of palmitic acid was investigated. The conditions of reaction time, catalyst dosage and acid-alcohol molar ratio during the methylation reaction were studied. The typical catalytic process was as follows: 0.01 mol of palmitic acid, 0.4 mol of methanol and catalyst accounted for 2.5 wt% of palmitic acid was added into a three-necked flask equipped with a thermometer and a reflux condenser for 6 h at reflux temperature.
3 RESULTS AND DISCUSSION
3.1 Preparation of AC-Ph-SO3H
The modification process of halogenated benzene coupled with -COOH mainly affected the content of sulfonatable groups on the surface of the materials, which had an important effect on the subsequent sulfonation process. Therefore, the effect of different halogenated benzenes (including iodized benzene, brominated benzene and chlorinated benzene) on the content of -COOH on AC-O surface at the reflux temperature of different solvents was investigated. In the catalytic process, the strong acid content in the acidic carbon-based solid acid will significantly affect the catalytic effect. Therefore, the influence of the concentration of halogenated benzene, the modification reaction time of halogenated benzene and the sulfonation temperature of concentrated sulfuric acid on the content of -SO3H during the preparation of AC-Ph-SO3H were investigated.
3.1.1 Coupling Effect of Halogenated Benzene With -COOH in Different Solvents
The effects of halogenated benzenes (PhX) coupling with carboxyl groups on the surface of AC-O at reflux temperatures of different solvents (including cyclohexane, toluene, and DMSO) were investigated. The results were shown in Table 1. According to the results, the content of carboxyl groups on the surface of AC-O after oxidation of AC was 0.78 mmol/g. After modification by halogenated benzene in different solvents, the content of carboxyl groups on the surface decreased to a certain extent, indicating that the carboxyl groups on the surface of activated carbon was successfully coupled with halogenated benzene during the modification process. When cyclohexane was used as the solvent at 80°C of the reflux temperature, the -COOH content of AC-Ph was 0.62–0.65 mmol/g, which was only about 0.15 mmol/g lower than that of AC-O. When toluene being used as solvent at reflux temperature 110°C and DMSO being used as solvent at reflux temperature 180°C, the -COOH content on the surface of AC-Ph had little difference when modified with the same halogenated benzene. Under these conditions, the minimum content of carboxyl groups on the surface of the modified activated carbon was 0.28 mmol/g, indicating that the carboxyl groups being coupled were about 0.5 mmol/g and most of the carboxyl groups on AC-O had been replaced by benzene rings which can be easily sulfonated by concentrated sulfuric acid. When toluene was used as solvent, the -COOH content on AC-Ph modified by iodobenzene, bromobenzene and chlorobenzene were 0.28, 0.30, and 0.53 mmol/g, respectively. Since iodobenzene and bromobenzene have almost no difference in the modification of AC-O under the reflux condition of toluene, bromobenzene (PhBr) were used as the modification reagent due to its low economic cost and relatively stable performance, and toluene was used as the solvent when modifying AC-O in the follow-up studies. Under the selected conditions, the content of carboxyl groups on the surface of AC-Ph was 0.30 mmol/g, and the content of benzene rings grafted on the surface of activated carbon was about 0.50 mmol/g according to the difference in carboxyl content between AC-O and AC-Ph.
TABLE 1 | Density of -COOH in AC-Ph modified with different halogenated benzene
[image: Table 1]3.1.2 Effect of Bromobenzene Concentration on -SO3H Content
With bromobenzene as modification reagent and toluene as solvent, the effect of bromobenzene concentration on -SO3H content of AC-Ph-SO3H surface was studied. The results were shown in Figure 1. According to the results, as the concentration of bromobenzene increased, the content of -SO3H gradually increased. The concentration of bromobenzene showed a great influence on the -SO3H groups content on the surface of AC-Ph-SO3H. When the concentration of bromobenzene was 3%, the content of -SO3H was only 0.18 mmol/g. While when the concentration of bromobenzene was 10%, the content of -SO3H on the surface of AC-Ph-SO3H was 0.64 mmol/g. We speculated that the reason for this result was that the effective collision rate of bromobenzene with AC-O particles in solution was lower at a lower bromobenzene concentrations.
[image: Figure 1]FIGURE 1 | Density of -SO3H in AC-Ph-SO3H prepared under different PhBr concentration.
3.1.3 Effect of Modification Time of Bromobenzene on -SO3H Content
The effect of bromobenzene modification time on -SO3H content of AC-Ph-SO3H surface was shown in Figure 2. When the modification time was 0.5 h, the surface -SO3H content of AC-Ph-SO3H was 0.21 mmol/g and gradually increased with the prolongation of modification time. When the modification time reached 5 h, the content of -SO3H groups was 0.64 mmol/g and did not change when the time continued to prolong.
[image: Figure 2]FIGURE 2 | Density of -SO3H in AC-Ph-SO3H prepared under different PhBr treated time.
3.1.4 Effect of Sulfonation Temperature on -SO3H Content
The effect of temperature on the -SO3H content of AC-Ph-SO3H during sulfonation with concentrated sulfuric acid was shown in Figure 3. When the temperature was low, the effect of sulfonation process was poor, and the content of -SO3H was only 0.24 mmol/g at 80°C. With the increasing of sulfonation temperature, the content of sulfonic acid groups on the surface of AC-Ph-SO3H gradually increased, which was 0.64 mmol/g when the temperature reached 150°C.
[image: Figure 3]FIGURE 3 | Density of -SO3H of AC-Ph-SO3H under different sulfonation temperature.
3.2 Structural Analysis
3.2.1 Surface -COOH and -SO3H Contents of AC-Ph-SO3H and Its Precursors
The content of -SO3H and -COOH on AC-Ph-SO3H and its precursors in the preparation process were studied. At the same time, in order to verify the effect of bromobenzene modification on the sulfonated sites on the surface of activated carbon, the AC-SO3H and AC-O-SO3H prepared from the precursors AC and AC-O under the same sulfonation conditions were compared. The test results were shown in Table 2. According to Table 2, there was absolutely no -SO3H detected on the surface of AC-SO3H prepared by the direct sulfonation of AC. The reason was that there was little sulfonation site because of the fused ring structure on the surface of AC. The AC surface structure was damaged and resulted in a certain amount sulfonatable sites after oxidation with HNO3, which lead to generating a certain -SO3H group after sulfonation treatment of AC-O, but the content of -SO3H was only 0.15 mmol/g. While after being coupled with bromobenzene, the sulfonatable sites was increased on the surface of AC-Ph, so the amount of -SO3H on AC-Ph-SO3H surface could reach up to 0.64 mmol/g. According to the changes of -COOH content on the surface of the material, it can be seen that a large number of carboxyl groups was generated on the surface of AC during oxidation process; while the content of carboxyl groups decreased after the modification of bromobenzene, and a large number of sulfonic acid groups were generated after sulfonation of AC-Ph, indicating that bromobenzene was successfully combined with the surface carboxyl groups to introduce a large number of sulfonatable sites on the surface. The content of -COOH on the surface of AC-O was 0.78 mmol/g, while that of AC-O-SO3H obtained by treating AC-O with concentrated sulfuric acid was 0.69 mmol/g, which was slightly lower for the shedding of AC-O during the sulfonation process. After sulfonation of AC-Ph, the -COOH content on the surface of AC-Ph-SO3H was 0.54 mmol/g, which was higher than 0.30 mmol/g on the surface of AC-Ph. That was because concentrated sulfuric acid had a certain oxidation effect in the process of sulfonation which leaded to generate a certain amount of -COOH.
TABLE 2 | Surface -COOH and -SO3H contents of AC-Ph-SO3H and its precursors
[image: Table 2]3.2.2 Stability of AC-Ph-SO3H in Different Solvents
The stability of the prepared AC-Ph-SO3H was investigated at reflux temperatures of different polar solvents. The shedding of -SO3H groups under reflux treatment for 10 and 20 h was investigated respectively, and the results were shown in Table 3. As shown, the stability of the -SO3H group on the surface of AC-Ph-SO3H gradually decreased with the enhancement of solvent polarity. After refluxing in cyclohexane for 20 h, the -SO3H content of AC-Ph-SO3H decreased from 0.64 mmol/g to 0.58 mmol/g with a loss of only 9.4%; while refluxing in acetic acid for 20 h, the -SO3H content was only 0.25 mmol/g with the loss as high as 60.9%. The reason was that the -SO3H groups on the surface of the prepared materials were bonded to the surface aromatic rings in the form of C-S bonds, and when the polarity of the solution increased, the small molecular aromatic rings were more likely to fall off on the surface of the materials, resulting in a decrease in the content of -SO3H groups.
TABLE 3 | Stability of AC-Ph-SO3H in different solvents
[image: Table 3]3.2.3 Raman Spectroscopy
The Raman spectra of AC-Ph-SO3H and its precursors AC, AC-O, AC-Ph were characterized, and the carbon skeleton changes of activated carbon during oxidation, amination, and bromobenzene treatment were analyzed. The results were shown in Figure 4. According to Figure 4, there were mainly two broad peaks at 1,586 and 1,336 cm−1 in all carbon materials, of which the peak at 1,586 cm−1 was a G peak, representing the graphite structure of the carbon material framework; 1,336 cm −1 was the D peak, which represented the non-graphitized amorphous structure. The intensity ratio ID/IG of the D peak and the G peak can represent the graphitization degree of the carbon material. The smaller the ID/IG, the higher the graphitization degree of the material. The ID/IG values of AC-Ph-SO3H and its precursors were shown in Table 4. According to Table 4, the ID/IG value of AC was 1.029. After oxidation by nitric acid, the degree of graphitization of AC-O was reduced to 1.256, which indicated that the oxidation process had damaged the activated carbon structure to a certain extent, mainly by increasing the surface oxygen-containing functional groups. After further treatment with bromobenzene, the ID/IG value of AC-Ph was 1.191, and its graphitization degree was improved to a certain extent. After AC-Ph was sulfonated with concentrated sulfuric acid, the ID/IG value of AC-Ph-SO3H was 1.174, and its graphitization degree was slightly increased compared with AC-Ph, which was because of the shedding of some disordered small-molecule aromatic ring species.
[image: Figure 4]FIGURE 4 | Raman spectrum of AC, AC-O, AC-Ph and AC-Ph-SO3H.
TABLE 4 | Raman spectrum ID/IG of AC, AC-O, AC-Ph and AC-Ph-SO3H
[image: Table 4]3.2.4 FT-IR
Functional groups on surface of AC-Ph-SO3H and its precursors AC, AC-O, AC-Ph were characterized by infrared spectroscopy, the results were shown in Figure 5. The strong absorption peak near 3,400 cm−1 was the O-H stretching vibration absorption peak. The absorption peak at 1,705 cm−1 was the stretching vibration of -COOH, and the absorption peak at 1,570 cm−1 was the stretching vibration of oxygen-containing functional groups such as quinoid structure. Except for AC, other samples all showed a certain absorption peak at 1,705 cm−1, indicating that the content of carboxyl groups on the surface of AC before treatment was very low, and a certain amount of carboxyl functional groups were added onto the surface of AC-O after oxidation. There was a broad absorption peak near 1,200 cm−1, which was the stretching vibration of functional groups containing oxygen atoms such as S = O, phenolic hydroxyl group, ether bond, lactones, etc. In AC-Ph-SO3H, in addition to the adsorption peak at 1,200 cm−1, there was also an absorption peak at 1,030 cm−1, both of which were S = O stretching vibration absorption peaks; an absorption peak was also found at 621 cm−1, which was the characteristic absorption peak of C-S, so it could be proved that a certain amount of -SO3H groups was generated on the surface of AC-Ph-SO3H after sulfonation.
[image: Figure 5]FIGURE 5 | FT-IR spectrum of AC AC-O AC-Ph and AC-Ph-SO3H.
3.2.5 Specific Surface Area Analysis
The N2 adsorption-desorption isotherms and pore size distribution of AC-Ph-SO3H and its precursors were shown in Figure 6, which were all belonged to type IV class and showed mesoporous structure indicating that the presence of a uniform mesoporous structure for AC-Ph-SO3H and its precursors. The surface areas were calculated with standard BET equation, which was shown in Table 5. According to Table 5, the BET surface area and pore volume changed greatly due to the destruction of the pore structure by the oxidation process, while the halogenated benzene modification and sulfonation process had relatively less effect on the pores. After modification, the obtained AC-Ph-SO3H still had a high specific surface area, of which was up to 472 m2/g, which provided the possibility of application in acidic catalytic systems combined with the high -SO3H density.
[image: Figure 6]FIGURE 6 | N2 adsorption‑desorption isotherms and pore size distribution for AC-Ph-SO3H and its precursors.
TABLE 5 | BET surface area of AC-N of AC-Ph-SO3H and its precursors.
[image: Table 5]3.3 Catalytic Performance of AC-Ph-SO3H in the Methylation of Palmitate Acid
3.3.1 Effects of Reaction Conditions on Palmitic Acid Conversion and Methyl Palmitate Yield
The effects of reaction time, catalyst dosage and acid-alcohol molar ratio on the conversion of palmitic acid were investigated. The results were shown in Figure 7.
[image: Figure 7]FIGURE 7 | Effect of reaction conditions on methylation of palmitic acid.
As shown in Figure 7, with the increase of the reaction time, the conversion rate of palmitic acid gradually increased. When the catalyst dosage was lower than 2.5 wt%, the conversion rate of palmitic acid increased significantly with the increase of the catalyst dosage. The conversion of palmitic acid was less affected by the molar ratio of methanol/palmitic acid and decreased to a certain extent when the amount of methanol was too large, which was because of the concentration of palmitic acid in the system diluted to a certain extent. The effect of reaction conditions on methyl palmitate yield was similar to the effect on conversion rate of palmitic acid, and the selectivity of methyl palmitate remained basically around 99% under almost all conditions. When the reaction time was 6 h, the catalyst dosage was 2.5 wt%, and the molar ratio of methanol/palmitic acid was 40, the palmitic acid conversion rate was 95.2% and the yield of methyl palmitate was 94.2%. When the reaction time continued to prolong and the catalyst dosage continues increased to 3.5 wt%, the conversion rate and methyl palmitate yield was still increased but not obvious. When the molar ratio was 20, the conversion of palmitic acid was 94.3%, which was similar to that of 40 m ratio. But when the methanol/palmitic acid molar ratio was lower than 20, the palmitic acid was not easily to dissolve completely, which affected the progress of the reaction.
3.3.2 Catalytic Effects Comparation of AC-Ph-SO3H and Its Precursors
In order to illustrate the modification effect more intuitively, the effects of AC, AC-O, AC-Ph, and AC-Ph-SO3H in catalyzing the reaction of methylation of palmitate were investigated respectively. The test results were shown in Figure 8. The reaction conditions were: 0.01 mol palmitic acid, 0.4 mol methanol, 0.39 g catalyst, and the reaction was carried out at reflux temperature (65°C) for 6 h. According to Figure 8, AC, AC-O, AC-Ph basically had no catalytic effect on palmitic acid methylation reaction, the conversion rates of palmitate acid were 4.4, 4.7, and 4.3%, respectively. While the conversion rate of palmitic acid under the catalysis of AC-Ph-SO3H was 95.2%, which indicated that the successful introduction of -SO3H on the surface of activated carbon played an important role in catalyzing the methylation of palmitate acid.
[image: Figure 8]FIGURE 8 | Conversion of palmitic acid catalyzed by AC-Ph-SO3H and its precursors.
3.3.3 Reusability of AC-Ph-SO3H in the Methylation of Palmitate Acid
The reusability of AC-Ph-SO3H in methylation of palmitic acid was investigated. In the study, the catalyst AC-Ph-SO3H was washed with methanol after use and fed under the same conditions. The test results were shown in Figure 9. The reaction conditions were: 0.01 mol palmitic acid, 0.4 mol methanol, 0.39 g catalyst, and reacted at reflux temperature (65°C) for 6 h. According to Figure 9, the conversion of palmitic acid was 95.2% at the first use of the catalyst. The conversion rate of palmitic acid was 90.4%, 81%, 7%, and 63.5% in the process of second to fourth reuse of the catalyst. In the fifth reuse, the conversion rate of palmitic acid was only 28.1%. The yield of methyl palmitate declined by a similar magnitude. The conversion rate and the yield gradually decreased with the increase of repeated times, but it showed good catalytic effect when it was reused three times. The reason for the gradual decrease of the catalytic effect was mainly including the formation of sulfonate and exfoliation of sulfonic acid groups on the surface of AC-Ph-SO3H during the catalytic process (Zhang et al., 2021), which had an important relationship with the presence of methanol and the polar environment of the reaction system.
[image: Figure 9]FIGURE 9 | Recycle performance of AC-Ph-SO3H on methylation of palmitic acid.
After the catalyst was used for five times, the AC-Ph-SO3H was regenerated after being washed with methanol, dried, and sulfonated with concentrated sulfuric acid at 150°C for 4 h. As shown in Figure 9, the density of -SO3H on the surface of AC-Ph-SO3H was only 0.27 mmol/g after being used for five times, while reached 0.67 mmol/g after regeneration, which was even slightly higher than that of the fresh catalyst. At the same time, the conversion rate of palmitic acid also reached 95.1%. Which indicated that the structure of AC-Ph-SO3H was not destroyed in the catalysis process, although there were problems such as functional group shedding or masking.
3.3.4 Comparison of Catalytic Performance With the Reported AC-Based Solid Acids
The catalytic performance of prepared AC-Ph-SO3H and the reported carbon-based sulfonic acid-type catalysts in the esterification of long-chain fatty acids were compared, and the results were shown in Table 6. As shown, most of the catalysts had good catalytic performance in the esterification reaction, but basically there was a problem that the catalytic efficiency decreased when they were recycled. The prepared AC-Ph-SO3H showed comparable catalytic performance to those reported catalyst, and showed advantages in terms of catalyst dosage and catalytic efficiency. Some of the catalysts (Niu et al., 2018) presented in the table were regenerated and showed excellent catalytic performance again. As shown in Entry 6, the conversion rate of fatty acid was only 28% when it was reused for the fifth time. After regeneration, the conversion rate of fatty acid reached 94% like that of catalyzed with fresh catalyst. At the same time, the density of -SO3H on the surface of the material also returned to the fresh level. Combined with these research results, carbon-based catalysts had great application potential in catalytic esterification to prepare biodiesel, while their stability and regeneration performance still need to be further explored.
TABLE 6 | Comparison of catalytic performance with the reported carbon-based solid acids.
[image: Table 6]4 CONCLUSION
Using activated carbon as raw material, AC-Ph-SO3H was prepared by oxidation with nitric acid, modification with halogenated benzene and sulfonation with concentrated sulfuric acid. With toluene as solvent and bromobenzene as modification reagent, high density of acidic group -SO3H were grafted on the surface of AC successfully. When the concentration of bromobenzene was 10%, the modification time of bromobenzene was 5 h, and the sulfonation temperature was 150°C, the surface -SO3H content of AC-Ph-SO3H was 0.64 mmol/g.
In the reaction of catalyzing the methylation of palmitate acid to prepare biodiesel, AC-Ph-SO3H showed a good catalytic performance. When the reaction time was 6 h, the amount of catalyst acid accounted for 2.5 wt% of palmitic acid, and the mole fraction of methanol/palmitic acid was 40, the conversion rate of palmitic acid was 95.2%. While the conversion rates of palmitate acid catalyzed by AC, AC-O, AC-Ph were only about 4.5%, which indicated the success of the modification process. In the study of the reusability of AC-Ph-SO3H as catalyst in methyl esterification of palmitate acid, the conversion rate of palmitate acid was still above 80% after three times of use, which indicated an excellent reusability.
Because unmodified activated carbon materials are difficult to be sulfonated to obtain activated carbon-based solid acid materials, the results of this study provided certain scientific support for the preparation of activated carbon-based solid acid materials. We believe that activated carbon materials with strongly acidic group have very good application prospects in the field of catalysis combined with its rich pore structure. However, like the reported amorphous carbon-based acid catalyst, the group of -SO3H on AC-Ph-SO3H was also easy to fall off after several reaction cycles. The specific reasons for -SO3H shedding and how to improve the stability of AC-Ph-SO3H need to be researched further. The application of AC-Ph-SO3H in the catalytic conversion of biomass also needs to be further developed.
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Keggin-type phosphotungstic acid (HPW) supported on imidazolyl-activated carbon (AC-COIMI-HPW) catalysts was prepared, which was used to catalyze the oxidation of benzyl alcohol with aqueous H2O2. In the presence of AC-COIMI-HPW, the benzyl alcohol conversion of 90.2% with 91.8% selectivity of benzaldehyde was obtained at 90°C for 6 h in an acetonitrile aqueous solution. The catalyst exhibited an outstanding performance for the oxidation of various benzyl alcohols and aliphatic alcohols. In addition, the catalyst could be easily recovered and reused five times without significant deactivation. The characterization results showed that HPW was chemically bonded on the surface of the carbon material through an ionic bond. It is proposed that the combination of the imidazole cation with the HPW anion could not only tune the redox catalytic properties of the PW anion but also enhance the compatibility of the catalyst in the reaction medium, thereby improving the catalytic performance.
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1 INTRODUCTION
The oxidation of alcohols to aldehydes and ketones plays an important role in the synthesis of organic compounds such as agrochemicals, pharmaceuticals, and dyestuff in the industry and laboratory (Mandal et al., 2013). In the traditional chemical oxidation process, several common oxidants such as dichromate or permanganate were usually used and exhibited strong oxidative properties. However, these oxidants are often associated with poor selectivity, high toxicity, and harmful by-products of heavy metals, which result in serious environmental pollution, increasing the difficulty and cost of subsequent treatment. Aerobic oxidation is an attractive strategy for the oxidation of alcohols. Ten years ago, ruthenium hydroxide supported on silica was used as an efficient catalyst for the aerobic oxidation of monoterpene alcohols (Costa et al., 2011). Recently, layered double hydroxide-supported Cu0 nanoparticles (Choudhary et al., 2019), Au nanoparticles (Karimi et al., 2020), and polymeric ionic liquid microspheres/Pd nanoparticles (Wu et al., 2020) have been designed for the oxidation of alcohols. It was presented that primary and secondary alcohols can be efficiently oxidized using CoFe2O4@HT@Imine-Cu II and TEMPO in the air atmosphere (Salimi et al., 2020). However, the above-mentioned catalysts were expensive and generally require a longer reaction time at high temperatures to achieve good catalytic performance. Therefore, it is still a challenge to develop an oxidation system that is easily available, stable, inexpensive, environmentally acceptable, and promotes selective oxidation under mild reaction conditions.
The green chemical industry is aimed at reducing or eliminating the use and generation of hazardous substances. Hydrogen peroxide (H2O2) has been recognized as a green oxidant because of it being environmentally friendly, inexpensive, and easy to handle (Shi et al., 2021). In the past period, much research has been devoted to the selective oxidation of alcohols in the presence of H2O2. Tungstate ions supported on imidazolium framework (Hosseini et al., 2017) or magnetic mesoporous silica (Norouzi et al., 2019) and molybdate ions immobilized on ionic liquid–modified CMK-3 (Hosseini-Eshbala et al., 2020) were employed for the oxidation of benzyl alcohols. It is noteworthy that iron chloride ionic liquid immobilized on SBA-15 (Cang et al., 2015) and cheap iron (III) tosylate (Zhao et al., 2018) was applied for selective oxidation of alcohols, whereas a large amount of H2O2 was consumed in the presence of iron ion. Chromium borophosphate synthesized by the solution combustion method at 800°C was also tested for the oxidation of benzyl alcohol (Demet Ozer, 2020).
Polyoxometalates (POMs) are a category of transition metal oxide clusters with hollow structures and relatively large surface areas (Hao et al., 2018). Benefiting from the modifiable redox and acidic properties, POMs have received widespread attention in the catalytic oxidation of alcohols with H2O2. However, the direct use of pure POMs has some problems such as low activity and difficulty in recovering the catalyst due to its water solubility. In order to solve this problem in the oxidation of alcohols with H2O2, a lot of research has been devoted to fabricating insoluble POM catalytic composite materials, including macromolecular-like polyoxometalate-based ionic hybrid with a polyamine (Chen et al., 2014; Su et al., 2014), dendritic phosphotungstate structure (Chen et al., 2014; Sadjadi et al., 2019), squeezing POMs in ionic liquids (Li et al., 2015; Keshavarz et al., 2019), and immobilizing onto mesoporous molecular sieves (Tan et al., 2012; Dong et al., 2014). In order to promote selective oxidation of alcohols, some carbon materials such as multi-wall carbon nanotubes modified with ionic liquids (Hajian et al., 2017: Liu et al,2014) and ionic liquid–functionalized graphene oxide (Liu et al., 2013; Zheng et al., 2019) were also used as a support for POMs. It should be observed that there exist alkaline sites or ion exchangeable sites on supports that are used for immobilization of POMs.
Activated carbon (AC) is a large-tonnage industrial carbonaceous material, which might be produced from biomass formed by natural photosynthesis. AC has a high specific surface area, pore structure, and surface functional groups (Alslaibi et al., 2014). Therefore, it has a wide range of applications in the fields of adsorption of heavy metals (Koohzad et al., 2019), supercapacitor electrodes (Fan et al., 2011), decolorization (Shahbazi et al., 2020; Liu et al., 2021), and catalyst supports (Yao et al., 2020; Xu et al., 2021; Costa et al., 2021). However, it is generally believed that the most attractive feature of activated carbon materials is their specific and controllable surface reactivity. Usually, the oxidation of activated carbon with nitric acid can increase carboxylic acid sites (Ternero-Hidalgo et al., 2016) or convert to basic sites by NaOH treatment (Cazettaa et al., 2011). Furthermore, imidazolyl-activated carbon has been recently prepared by ethylenediamine treatment (Liu et al., 2019). Based on the aforementioned facts, phosphotungstate catalytic active sites were constructed by chemically modifying the surface carboxylation and imidazolization of carbonic materials with 2-methylimidazole, and their catalytic performances in the oxidation of alcohols were investigated.
2 EXPERIMENT
2.1 Materials
Phosphotungstic acid was purchased from Aladdin. Benzyl alcohol was purchased from Xilong Science Co., Ltd., and 30% hydrogen peroxide solution was provided by Baling Branch, SINOPEC. Other reagents were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). All chemicals were not further purified prior to use.
2.2 Catalyst Preparation
2.2.1 AC-COOH
The preparation process of the catalyst is shown in Scheme 1. Unlike the usual carboxylation of carbon materials with hazardous nitric acid, a green oxidation method of the activated carbon surface was developed. Generally, 10 g of activated carbon was added to a three-necked flask equipped with a condenser and a thermometer, 50 ml of 50% hydrogen peroxide and 5 ml of 12 mol L−1 H2SO4 aqueous solution were added, and then stirred at 80°C in an oil bath for 2 h, while which another 25 ml of 50% hydrogen peroxide was added drop by drop for 1 h. When the oxidative treatment was completed, the reaction mixture was then filtered and washed repeatedly with deionized water until no SO42− ion could be detected in the barium chloride solution. The resulting solid was dried in an oven at 120°C for 6 h. The oxidized activated carbon was designated as AC-COOH.
[image: Scheme 1]SCHEME 1 | Preparation of AC-COIMI-HPW.
2.2.2 AC-COIMI
Direct imidazolization of oxidized activated carbon was carried out. Generally, 50 g of 2-methylimidazole was first added in a three-necked flask; then, 10 g of AC-COOH was added, equipped with a condenser and connected to an anhydrous calcium chloride tube, a thermometer, and a silicone oil bath; the temperature was increased to 180°C at 3°C min−1 and maintained for 10 h. After the operation of amidation, the oil bath was removed, the flask was cooled to room temperature, and 70 ml of acetone was added. Once sealed overnight, it was filtered, and extraction of the residue was launched with acetone for 10 h until 2-methylimidazole did not exist in the Soxhlet apparatus monitored by a UV-vis spectrometer and dried in a vacuum to collect the acyl-imidazolized activated carbon AC-COIMI.
2.2.3 AC-COIMI-HPW
First, a certain amount of HPW was dissolved in ultrapure water to obtain a series of standard solution. Then, 1.00 g of AC-COIMI was added to the corresponding solution, standing for 24 h. The parent liquor was separated by centrifugation, washed with ultrapure water until no phosphotungstic acid exists in the liquid monitored by using a UV-vis spectrometer, and dried in vacuo overnight. The resultant material is designed as an AC-COIMI-HPW catalyst.
2.3 Adsorption Isotherm Determination
Accurately weighed AC-COIMI samples were put in a series solution in conical bottles with different concentrations of HPW and then fixed in a constant temperature shaker, shaken at 25°C for 5 h or more to adsorption equilibrium. Once equilibration was attained, the centrifuged mother liquor was taken out, and the concentration of HPW in the liquor was detected by UV-vis spectrophotometry from the absorbance at 258 nm. The adsorption quantity of HPW on an AC-COIMI catalyst was calculated by measuring the concentration difference of the initial and last solution.
2.4 Catalyst Characterizations
The Fourier transform infrared spectra (FT-IR) of the samples were collected by the KBr pellet technique on a Nicolet 370 infrared spectrophotometer in the range of 400–4,000 cm−1. The X-ray diffraction (XRD) patterns of the sample were recorded by using a Bruker diffractometer with Cu Kα radiation and diffraction angle (2θ) ranging from 10° to 80°. A DXR laser Raman microscope (laser wavelength 780 nm) was used; the wavelength range was 50–3,250 cm−1, the exposure time was 5 s, the number of exposures was 10, and the laser intensity was 5 mW. The Thermogravimetric and derivative thermogravimetric (TG-DTG) experimental results were obtained on a Netzsch Model STA 409PC instrument, from room temperature to 800°C at 10°C/min using α-Al2O3 as the standard material. The UV-Vis spectrum (190∼900 nm) was measured by using a UV-2450 apparatus of Shimadzu. Chemical analysis of W in the reaction was carried out by inductively coupled plasma-emission spectrometry (ICAP 7200, Thermo Fisher Scientific Co., Ltd., United States)
2.5 Catalytic Reaction Tests
Benzyl alcohol and a certain amount of catalyst were added into a 25-ml round bottom flask. Then, a certain amount of solvent was added, and the mixture was heated to the specified temperature. When the temperature was stable, a quantitative 30 wt% H2O2 was added, and timing was started. After the reaction was completed, the mixture was cooled to room temperature and centrifuged. Then, 100 μl of the reaction solution was sucked into the PV tube and diluted 10 times before passing through the ultrafiltration membrane. The conversion and selectivity were determined by GC using an internal standard method (Nexis GC-2030). In reuse experiments, the deposited catalyst was washed with the solvent three times for the next run.
3 RESULTS AND DISCUSSION
3.1 Catalyst Characterization
3.1.1 FTIR
It is shown, in Figure 1, that the carbonyl stretching vibration peak at 1722 cm−1 from the oxidized activated carbon can be seen as higher than the original activated carbon without oxidation. In addition, the absorption peaks at 1,609 and 1,533 cm−1 belong to the C=C stretching vibration zone of the fused ring aromatic hydrocarbon skeleton on the activated carbon. The peak at 1,190 cm−1 is attributed to the stretching vibration of the carboxyl group, lactone group, or the phenolic hydroxyl group on the activated carbon. This result proves the existence of abundant functional groups on activated carbon, which also provides basic conditions for us to modify activated carbon by chemical methods. As compared to AC-COIMI, AC-COIMI-HPW retains its 2-methylimidazole structure and therefore presents the characteristic peak of the imidazole skeleton. The peak at 3,125 cm−1 belongs to the C-H stretching vibration on the unsaturated carbon of fused ring aromatic hydrocarbons on imidazole or activated carbon. The peak at 2,919 cm−1 belongs to the C-H stretching vibration of the saturated carbon of the methyl group on 2-methylimidazole. The peak at 1,717 cm−1 belongs to the stretching vibration of the carbonyl group. Here, 1,650 cm−1 represents the -C=N stretching vibration on the imidazole skeleton, and 1,265 cm−1 is attributed to the C-N bending vibration peaks on the imidazole ring. The four main characteristic bands of pure phosphotungstic acid are located at 1,078 (P-Oa), 983 (W=Od), 894 (W-Ob-W with co-angular octahedron), and 805 cm−1 (W-Oc-W with co-lateral octahedral), and the corresponding peaks can be found in AC-COIMI-HPW. The characteristic peak of heteropoly acid has a slight deviation, which is mainly because the lone pair of electrons in the organic cation extends into the inorganic framework of the heteropoly anion, which makes the formation of a strong electronic force between the two so that the characteristics of both sides and the absorption peaks have shifted to a certain extent, and these shifts and changes indicate the interaction between the phosphotungstate anion and imidazolium cation (Mohamadi et al., 2020). The aforementioned results showed that the modification of activated carbon is successful. No obvious Keggin structure’s absorption peak is observed in the catalyst, which confirms that the phosphotungstic acid species is highly dispersed, which is consistent with the following XRD results.
[image: Figure 1]FIGURE 1 | FT-IR spectra of (a) AC, (b) AC-COOH, (c) AC-COIMI, (d) AC-COIMI-HPW and (e) HPW.
3.1.2 Raman Spectra
The Raman spectra of AC-COIMI-HPW and its precursors AC, AC-COOH, and AC-COIMI are presented in Figure 2, and the changes in the carbon skeleton of the activated carbon after each step of modification are presented. These carbon materials mainly have two broad peaks at 1,580 and 1,336 cm−1. The peak at 1,580 cm−1 is the G peak, which represents the graphite-like structure of the central sp2 carbon skeleton. Another peak at 1,336 cm−1 is D which represents the non-graphitized amorphous structure in the material (Shimodaira et al., 2002). The intensity ratio ID/IG of peak D and peak G can represent the relative content of the graphene-like structure of the carbon material. Analyzing the ID/IG value obtained by Gaussian fitting, the ID/IG of the activated carbon after the nitric acid treatment becomes larger, indicating that the non-graphitized amorphous degree of the activated carbon is increased by oxidation treatment because the graphene-like fused-ring aromatic structure at each layer is destroyed to a certain extent. After the subsequent modification of 2-methylimidazole, it seems the degree of graphitization increased again. The main reason may be that the G peak represents C (sp2), and the D peak represents the vibration of C (sp3). The introduction of imidazole makes the sp2 type carbon have a certain degree of increase so that the degree of G peak has a certain increase. The subsequent phosphotungstic acid modification shows that it has little effect on the Raman spectra of AC-COIMI because HPW cannot change the ratio of both sp2 and sp3 carbon in the carbon material.
[image: Figure 2]FIGURE 2 | Raman of (a) AC, (b) AC-COOH, (c) AC-COIMI and (d) AC-COIMI-HPW.
3.1.3 XRD
Figure 3 shows the wide-angle X-ray diffraction curves of phosphotungstic acid, oxidized activated carbon, and phosphotungstic acid-loaded activated carbon. It shows the characteristic diffraction peaks of phosphotungstic acid crystals. The Keggin cubic structure diffraction peaks of HPW mainly appear at 10.3°, 18.0°, 20.6°, 23.1°, 25.2°, 29.3°, 34.6°, and 37.8°, which are consistent with the literature reports (JCPDS-#7521–25) (Atia et al., 2008; Costa et al., 2021). The diffraction curve of the oxidized activated carbon showed the dispersion peak of the amorphous phase. In the case of AC-COIMI-HPW, it was observed that it does not show an obvious phosphotungstic acid diffraction peak, and the 2θ value of the diffraction peak representing the (002) crystal plane of the graphite structure has shifted from 21.9° to 25.7°. From Bragg Eq. 2 dhkl sinθ = n λ, it seems to indicate that the graphene-like structure in AC-COIMIHPW is compressed, and the particle size is smaller by the reaction of AC-COIMI with HPW. This may be because the subsequent modification operations have changed the degree of graphitization of carbon materials. The results are good and agree with the FTIR result, and it shows that the phosphotungstate species are highly self-dispersed on the activated carbon from the adsorption process, in other words, which also means that HPW is loaded uniformly on the imidazole site in the form of a single molecule.
[image: Figure 3]FIGURE 3 | XRD patterns of (a) HPW, (b) AC, (c) AC-COOH, (d) AC-COIMI and (e) AC-COIMI-HPW.
3.1.4 TG-DTG
The TG-DTG profile of four samples is shown in Figure 4. The weight loss curve of HPW in Figure 4d indicates that the first weight loss peak between 0°C and 100°C is the removal of phosphotungstic acid physical adsorption water in three carbon materials. The structural water of phosphotungstic acid forms [H2O. . .H+. . .OH2] ions by hydrogen bonding with acidic protons, and its water loss peak is located at 100°C–200°C, and only pure HPW loses weight at about 200°C. However, it is mainly due to a small amount of weight loss of the decomposition of phosphotungstic acid between 300–600°C, that is, the Keggin structure is destroyed (Tan et al., 2012). The total weight loss of HPW was ca. 5.5% ranging from 600°C to 800°C. In the weight loss curve of AC-COOH shown in Figure 4a, the weight loss peak of the adsorbed water on the surface of the carbon material below 100°C was observed. In addition, the weight loss (about 15%) between 150°C and 250°C is mainly the decomposition of the carboxyl group on the carbon material, which further verified the existence of the abundant carboxyl group on the oxidized modified carbon material. The TG curve of AC-COIMI-HPW is shown in Figure 4b. The first weight loss can be assigned to the physical adsorption of water. The second stage ranging from 150°C to 450°C corresponds to the decomposition of the oxygen-containing groups on the surface of the carbon material and the decomposition of the imidazole organic skeleton. The weight loss during this stage is about 38.3%. In the third stage up to 800°C, the weight loss can be considered as the decomposition of the residual oxygen-containing groups in the activated carbon. Figure 4c shows the weight loss curve of AC-COIMI-HPW, and the weight loss peak in the first stage is still the physical adsorption water lost by the catalyst. The corresponding weight loss can be found in the AC-COIMI ranging from 150°C to 450°C, it includes the decomposition of oxygen-containing groups and imidazole skeletons and water of the phosphotungstic acid structure. The increase in the decomposition temperature of bound water in phosphotungstic acid is also proof of our successful combination of imidazole and phosphotungstic acid, improving the stability of phosphotungstic acid on the activated carbon.
[image: Figure 4]FIGURE 4 | TG and DTG of (a) AC-COOH, (b) AC-COIMI, (c) AC-COIMI-HPW and (d) HPW.
3.1.5 BET
The specific surface areas of AC, AC-COOH, AC-COIMI, and AC-COIMI-HPW are determined using the BET method, and the isotherms of nitrogen absorption and desorption are shown in Figure 5A. It can be seen that N2 adsorption isotherms of four samples showed type IV adsorption isotherms, indicating the presence of the mesoporous structure (Park et al., 2014; Liu et al., 2019).
[image: Figure 5]FIGURE 5 | (A) N2 adsorption–desorption isotherms and (B) pore size distribution for (a) AC, (b) AC-COOH, (c) AC-COIMI and (d) AC-COIMI-HPW.
The pore size distribution of the sample is shown in Figure 5B. It was found that the pore size distribution of AC-COOH, AC-COIMI, and AC-COIMI-HPW was decreased obviously, indicating the mesoporous structure may be blocked or destroyed during the oxidation and subsequent modification process.
From Table 1, the specific surface area and pore volume of the carbon materials are gradually decreased with oxidation, imidazolization, and binding HPW. It was shown that the texture of the carbon materials has a certain degree of change after a series of chemical modifications. It could be found that the surface carboxyl density of the activated carbon was vastly increased after the oxidation. The imidazole group density (N-Base) is not equivalently matching with the carboxyl amount; this may be the existence of the decarboxylation of oxidized carbon during the amidation of the carboxyl imidazole salt in the alkaline 2-methylimidazole medium.
TABLE 1 | Surface area and pore properties of four carbonic material samples.
[image: Table 1]3.2 Catalytic Performance
3.2.1 Evaluation of the Catalysts
The catalytic performance of AC-COIMI and AC-COIMI-HPW was investigated in the benzyl alcohol oxidation reaction, and the results are shown in Table 2. It could be seen from Table 2 that the conversion of benzyl alcohol was less than 5% in the presence of no catalyst or AC-COIMI (Table 2, entries 1 and 2), indicating that self-oxidation with H2O2 is very difficult in the reaction conditions. It is noteworthy that the catalytic performance was improved by HPW supported on AC (Table 2, entries 3 and 4), which brought an increase of 12 percentage points in the conversion and more than twenty in benzaldehyde selectivity. When HPW was supported on AC-COIMI (entry 7), the catalytic performance was further improved. The conversion raised 12 percentage points, and the benzaldehyde selectivity slightly increased in comparison with AC-HPW.
TABLE 2 | Effects of various catalysts on the oxidation reaction of benzyl alcohol.
[image: Table 2]As the loading of phosphotungstic acid increased, the conversion of benzyl alcohol gradually is increased (Table 2, entries 6–10) due to the increase in the catalytic sites. However, the selectivity of benzaldehyde is decreased on the contrary, which was caused by the consecutive oxidation of benzaldehyde to benzoic acid. It is very interesting that the conversion of benzyl alcohol on AC-COIMI-HPW (3) is higher than that of AC-COIMI and HPW (Table 2, entries 2 and 3), which means the catalytic properties of HPW adsorbed on AC-COIMI were modified by the interaction of the phosphotungstic acid molecule with the imidazole site through adsorption on the AC-COIMI surface.
3.2.2 Influence of the Reaction Medium
The solvent has an important influence on the oxidation of benzyl alcohol to benzaldehyde when heteropoly acid was used as a catalyst because solvent molecules can occupy the lower energy LUMO in the heteropoly acid (Majid et al., 2007). The effect of the reaction medium on the catalytic performance of AC-COIMI-HPW (4) was investigated, and the results are shown in Table 3. The oxidation of benzyl alcohol with H2O2 occurred on the catalyst with no additional solvent, but the catalytic performance is not attractive (entry 1).
TABLE 3 | Catalytic oxidation of benzyl alcohol in various solvents.
[image: Table 3]For aprotic polar organic solvents, such as acetone and acetonitrile were added, the catalytic activity was ineffective (Entries 2 and 6). On the contrary, a relatively high conversion for benzyl alcohol was obtained in the presence of ethyl acetate and toluene, respectively. However, the selectivity of benzaldehyde was decreased close to 90% (entries 3 and 4). An interesting phenomenon occurred when the mixtures of acetonitrile and pure water were used in the reaction medium, in which the activity and selectivity were both improved (Entries 7–10). By adjusting the ratio of the mixed solvent, an optimal conversion was obtained at a 1: 3 volume ratio of acetonitrile with water.
3.2.3 Influence of Reaction Conditions
From Figure 6A, it was found that high selectivity could be obtained at 60°C; however, the conversion was very low. As the temperature further increased and the conversion increased, the selectivity declined sharply at 100°C. This might be due to high temperature conditions, which were more conducive to the conversion to the direction of benzoic acid. Therefore, 90°C was selected as the optimal reaction temperature.
[image: Figure 6]FIGURE 6 | Influences of reaction conditions on the selective oxidation of benzyl alcohol with H2O2: temperature (A); molar ratio of H2O2 to benzyl alcohol (B); time; and (C) catalyst amount (D). Reaction condition: 4 mmol benzyl alcohol, 16 mmol H2O2, 30 mg catalyst, 90°C, 6 h, and 15 ml solvent (CH3CN: H2O, 1: 3); for each figure, there is a specific parameter changed.
It was found that the reaction conversion increases with the increase in the amount of H2O2 (Figure 6B). However, when the amount of H2O2 reached 5 eq., the conversion and selectivity dropped slightly. The reason for the slight decrease in the conversion rate could be understood as the increase in the concentration of hydrogen peroxide in the entire reaction system, which reduced the stability of hydrogen peroxide at this temperature, leading to an increase in self-decomposition. Therefore, the molar ratio of H2O2 to benzyl alcohol was four for the investigation of catalytic performance.
Figure 6C showed the effect of reaction time on the selective oxidation of benzyl alcohol. It can be found that the conversion could rise continuously with the extension of time. The selectivity could basically remain stable having a linear descent with the reaction time less than 7 h, after that sharp decline, which confirmed the consecutive oxidation of benzaldehyde to benzoic acid.
It could be seen from Figure 6D that the increase in the amount of catalyst could effectively increase the conversion. The increasing catalyst dosage can provide more catalytic sites. The collision probability of the substrate and the catalyst per unit time increased, so the oxidation reaction rate was effectively improved. At the same time, the generation of consecutive by-products would also be increased, so the selectivity of the catalyst decreased. With further increase to 35 mg, it speeded up the decomposition of hydrogen peroxide due to the excessive catalyst. The strong adsorption performance of the substrate prevents a part of the substrate from forming peroxide intermediates with phosphotungstic acid peroxide, which led to a decrease in conversion. This showed that an excess amount of the catalyst may be due to an inhibition effect during the reaction process.
3.2.4 Substrate Adaptability
From the results of the substrate scope experiment with AC-COIMI-HPW in Table 4, it could be found that the regularity of the catalytic oxidation reaction of aromatic alcohols was that aromatic alcohols with electron-donating groups at the para position were more reactive than with electron-withdrawing groups. This may be attributed to the electron-donating group transferring electrons to the benzene ring, which increased the electron density of the benzene ring and activates the benzene ring, which made the aromatic alcohol more susceptible to oxidation. On the contrary, the presence of electron-withdrawing groups would reduce the conversion of benzyl alcohol. The activity of 2-bromobenzyl alcohol was further reduced compared with 4-bromobenzyl alcohol because of the existence of steric hindrance.
TABLE 4 | Selective oxidation of various alcohols over the catalyst.
[image: Table 4]The reason for the conversion rate of 1-phenylethanol better than benzyl alcohol might be the difference in bond energy values for the oxidation of C-H, the secondary C-H which in 1-phenylethanol is weaker than the primary C-H in benzyl alcohol (entries 1 and 8). This was confirmed by comparing the selective oxidation results of sec-butanol and n-butanol. Similarly, comparing cyclohexanol and n-hexanol, it was also found that the catalytic oxidation activity of cyclohexanol was much better than that of n-hexanol. Moreover, due to the large steric hindrance of the two benzene rings, the oxidized activity of benzhydrol was much low. Without exception, all secondary alcohols were metrologically oxidized to the corresponding ketone with H2O2; it was shown that the insertion of active oxygen species to the C–C bond in the ketone very difficultly occurred on the catalytic site of AC-COIMI-HPW; however, the active oxygen species on the catalytic site could generally insert to the C-H bond of the aldehyde group resulting in the formation of the corresponding acid. It is noted that modification is a very important strategy to inhibit or reduce the catalytic activity for the consecutive oxidation of the aldehyde group.
3.3 Catalytic Reusability
To understand the recyclability of AC-COIMI-HPW, the catalyst was usually separated, washed, and dried and then used for the next run. Technically, the drying operation is a consumption process for the recovery and is not suitable for industrial applications. In this work, the recycled catalyst was directly put into reuse in the next run, after centrifugal separation and transferring to the reaction flask with the solvent in the oxidation. Through the recycling experiment (Figure 7A), it could be seen that AC-COIMI-HPW could remain extremely stable when it was used three times. This indicated that the imidazole-modified activated carbon not only had higher catalytic activity than the unmodified activated carbon-supported phosphotungstic acid catalyst but also had better stability.
[image: Figure 7]FIGURE 7 | (A) Recycling experiment and (B) leaching experiment.
A leaching experiment was carried out in order to verify the decrease in the catalyst effect, and the results are displayed in Figure 7B. When the reaction reached 2 h, the reaction mixture in the flask was drawn out and centrifuged to separate the catalyst. The collected reaction liquid was allowed to react further without any catalyst. It could be seen that when the AC-COIMI-HPW catalyst was taken out, the conversion of benzyl alcohol was similar to that without a catalyst. Moreover, it could be found that the catalytic activity of AC-HPW was higher than that of AC-COIMI-HPW under the same reaction conditions. On the other hand, it is shown that benzyl alcohol conversion was slightly decreased, and the selectivity of benzaldehyde was elevated on both catalysts in the second run in Figure 7A. In order to clarify whether the leaching of phosphotungstic acid was responsible for the decrease in the catalytic activity, an ICP experiment was operated for the detection of the W element in the reaction mixture. As expected, it was found that a trace of phosphotungstic acid was dissolved in the first operation, and the detected amount from the reaction liquids on AC-HPW was more than on AC-COIMI-HPW (Table 5). It was observed that no W element was found in the AC-COIMI-HPW system after three recycling phases. This indicated that the activated carbon modified by imidazole anchored phosphotungstic acid through ionic bonds, which not only had better catalytic activity but also greatly improved its stability.
TABLE 5 | ICP results of the W element for the samples of the reaction mixture after tests.
[image: Table 5]In addition, it is clear seen that AC-COIMI-HPW worked as an oxidative catalyst, exhibiting excellent catalytic performance for the oxidation of benzyl alcohol to benzaldehyde as compared to other systems (Table 6).
TABLE 6 | Comparison of the reported catalytic oxidation of benzyl alcohol with H2O2.
[image: Table 6]3.4 Adsorption and Catalytic Mechanism
An adsorption experiment was carried out for discriminating the distribution characteristics of phosphotungstic acid on the innovative catalyst AC-COIMI-HPW at 25°C. The AC-COIMI-HPW samples were added to a series of concentration gradient phosphotungstic acid solutions, and the actual HPW load relative to the equilibrium concentration was obtained by measuring the initial and final absorbance value with the UV-Vis spectrum. The adsorption isotherm is depicted in Figure 8. The Langmuir model or Freundlich adsorption model was used to compare the adaptability, respectively.
[image: image]
In Eq. 1, CHPW is the equilibrium concentration of HPW (mmol/L), AHPW is the corresponding adsorption amount (mmol/g), Am, HPW is the maximal adsorption amount or saturated adsorption capacity (mmol/g) in the Langmuir adsorption model, and bHPW is the Langmuir adsorption equilibrium constant or adsorption coefficient.
[image: Figure 8]FIGURE 8 | Adsorption isotherms of HPW on AC-COIMI (25°C). Langmuir isotherm equation could be expressed as follows.
Equation 1 could easily be converted to Eq. 2: 
[image: image]
Freundlich isotherm equation could be expressed as Eq. 3: 
[image: image]
Equation 4 could be obtained by taking the natural logarithm to Eq. 3.
[image: image]
KF and n, respectively, are the constants in the Freundlich adsorption model.
As seen in Figure 9, it is found that the Langmuir adsorption model was more suitable, according to the comparison of the linear correlation of Eq. 2 (R2 = 0.975) with Eq. 4 (R2 = 0.851). The maximum adsorption capacity per unit mass of AC-COIMI-HPW, Am, HPW = 97.6 μmol/g could be obtained. Surprisingly, the value of Am, HPW was very consistent with the N-Base density of 103 μmol/g. It is revealed that HPW could be fixed on the surface of AC-COIMI by an acid-base ionic bond combination. Therefore, the catalytic stability of AC-COIMI-HPW was better than AC-HPW (Figure 7A).
[image: Figure 9]FIGURE 9 | (A) Langmuir isotherm equation fitting. (B) Freundlich isotherm equation fitting.
In order to explain the differences in the catalytic activity of AC-COIMI-HPW (3), AC-COIMI, and HPW for benzyl alcohol conversion (Table 2, entries 2 and 3), a comparative experiment was performed, and the results are listed in Table 7. The catalytic results showed that at the same HPW loading, after the addition of 2-methylimidazole at 1:1 concentration, the catalytic performance was markedly modified for the oxidation of benzyl alcohol with H2O2. It should be noted that the effective catalytic species is 2-methyl imidazolium dihydrogen phosphotungstate, in which the acid strength of dihydrogen phosphotungstate anion is lower than phosphotungstic acid, so the redox potential of the catalytic species was adjusted to the synergetic activation of the substrates. In another consideration, the lipophilicity of 2-methyl imidazolium is beneficial for grasping benzyl alcohol and further sending the alcohol into the catalytic sphere of the dihydrogen phosphotungstate anion by π–π conjugation of a benzene ring and imidazole ring so that the activity and selectivity of AC-COIMI-HPW both improved the single phosphotungstic acid molecule adsorbed on the imidazole site of the AC-COIMI-activated carbon carrier.
TABLE 7 | Effects of various catalysts on the oxidation reaction of benzyl alcohol.
[image: Table 7]4 CONCLUSION
Keggin-type phosphotungstic acid was successfully hybridized with 2-methylimidazole-modified activated carbon through ionic interactions and hydrogen bonds, showing excellent characteristics of environmental friendliness, high efficiency, and easy reusability in the selective oxidation of alcohols using aqueous H2O2. The imidazole-functionalized activated carbon material in this work makes it not only easy to obtain the carrier from the activated carbon but also the modification method is also convenient for operation with aqueous H2O2 instead of nitric acid. It provides a practical innovative way for designing efficient heteropoly-based acid catalysts and possesses the potential for industrial application prospects.
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γ-Valerolactone (GVL) is one of the most valuable compounds derived from furfural (FAL), which has been industrially produced from agricultural byproducts like corn cobs. It is extremely challenging to synthesize GVL from FAL efficiently via a one-pot cascade reaction due to the need for multiple active sites in a single pot. By focusing on the aspects of one-pot synthesis of GVL from FAL, the authors aim to shed light on the rational design and utilization of environmentally friendly bifunctional catalysts with high efficiency in this reaction. Perspectives regarding future research opportunities in bi- or multi-functional catalysts for one-pot GVL synthesis are also discussed.
Keywords: furfural, γ-valerolactone, bifunctional catalysts, transfer hydrogenation, one-pot reaction
INTRODUCTION
In the 21st century, transition from a fossil-fuel industry to one based on renewable resources is a great challenge in the process of sustainable development (Jakob and Hilaire, 2015). Biomass is the only renewable carbon resource with a wide range of sources, abundant reserves, short formation cycles, and low prices, which can be used as an alternative resource for fuel and chemical production (Chua et al., 2019; Liu et al., 2020; Clauser et al., 2021). γ-Valerolactone (GVL) is an important intermediate compound derived from biomass. The unique physicochemical properties of GVL enables it to have a wide range of applications as fuel, fuel additive, polymeric material precursor, and green solvent (Alonso et al., 2013; Xu et al., 2020). Figure 1 shows the production routes of GVL from lignocelluloses (Raj et al., 2021). Lignocellulosic biomass, whose main components are cellulose/hemicellulose or derived platform compounds like 5-hydroxymethyl furfural (HMF)/furfural (FAL), can be converted into GVL smoothly.
[image: Figure 1]FIGURE 1 | Production routes of GVL from lignocellulose.
Among these routes, the approach to producing GVL from FAL has attracted much attention. That is because first, it is a carbon-balanced process and has a good carbon-atom economy. In addition, FAL is non-edible, inexpensive, and can be produced from agricultural waste corn cobs industrially (Cui et al., 2016). This makes it possible to produce GVL on a large scale by a two-step reaction from lignocellulose to FAL and then to GVL. Therefore, great efforts have been made to one-pot conversion of FAL to GVL (Osatiashtiani et al., 2017; Yu et al., 2019).
There is a series of cascading reactions involving hydrogenation, ring-opening reaction, and lactonization in this reaction. Regarding the hydrogenation process for γ-valerolactone synthesis, metal catalysts such as Ru, Pt, and Ni (Nemanashi et al., 2018; Wang Y et al., 2020; Maumela et al., 2021) are efficient for direct hydrogenation using gaseous H2 as an H-donor in FAL hydrogenation and LA/levulinate ester lactonization. Compared with the use of H2 reduction, reaction systems using alcohol as an H-donor for one-pot production of GVL from FAL via a Meerwein–Ponndorf–Verley (MPV) reduction can be effectively catalyzed by acid catalysts (He et al., 2020; Antunes et al., 2022). As the ring-opening reaction of furfuryl alcohol (FOL) is also an acidic catalytic reaction, bifunctional catalysts with Brönsted/Lewis acid active sites have been greatly developed for the GVL synthesis via a MPV reaction (Osatiashtiani et al., 2017).
In this mini-review, the authors summarize the efficient bifunctional catalysts with metal/acid or Brönsted/Lewis acid active sites for one-pot conversion of FAL to GVL reported in the last 5 years. Table 1 lists the most efficient catalytic systems among them. Construction of acid centers as well as the supports’ structure are discussed, and catalytic reaction conditions are compared. It is hoped to provide insights into designing and developing efficient new sustainable catalysts for one-pot synthesis of GVL.
TABLE 1 | Overview of important bifunctional catalysts for one-pot synthesis of GVL from FAL.
[image: Table 1]EFFICIENT BIFUNCTIONAL CATALYSTS
Molecular sieve catalysts
Molecular sieves have regular pore structure, strong acidity, and high hydrothermal stability, which have been perceived as the most popular catalysts reported in the synthesis of GVL so far. Both physically mixed molecular sieve co-catalysts and modified bifunctional molecular sieve catalysts have been developed in one-pot synthesis of GVL from FAL. A physical mixture of Zr-HY and Al-HY zeolites was reported as a highly efficient catalyst system for the one-pot transformation of FAL to GVL using 2-pentanol as the hydrogen donor (Zhang H et al., 2019; Table 1, entry 1). GVL yields reached 85% only after 5 h of reaction at 120 C. The excellent activity of Zr-HY zeolites for the Meerwein–Ponndorf–Verley (MPV) reduction of FAL and levulinate ester was attributed to the larger pore size of HY-zeolites and stronger Lewis acidic sites. Also, Al-HY zeolites provided Brönsted acids, thus promoting furfuryl ether conversion to levulinate ester. Physically mixing H-ZSM-5 and metal catalysts was also reported as efficient metal/acid bifunctional catalytic systems in this reaction. Wang T et al. (2020) mixed chitosan-Ru/PPh3 and HZSM-5 in an ethanol/formic acid (95/5) solvent to catalyze the FAL one-pot cascade reaction (Table 1, entry 2). GVL yield was 79% after 30 h at 160 C. The unprecedented GVL yield of 90.5% has been reported in a dual catalyst system including CuAl and H-ZSM-5 in ethanol solvent and 5 MPa H2 (Shao et al., 2021; Table 1, entry 3). The relative abundance of the hydrogenation sites provided by CuAl and acidic sites provided by HZSM-5 determines the main products from furfuryl alcohol (FA) to ethyl levulinate (EL) or GVL. The biggest advantage of physically mixed catalysts is that the proportion and strength of acid sites can be independently optimized conveniently, thus avoiding complicated catalyst preparation. However, the physically mixed approach does not perform well when reusability and selectivity are concerned.
Since an appropriate proportion of Lewis and Brönsted acid plays a key role in the activity of the catalyst, molecular sieves with tunable Lewis and Brönsted acid sites prepared by doping metal ions or loading Brönsted acids have been widely reported (Li et al., 2020; Sun et al., 2022). Beta zeolite was treated in nitric acid solution and calcination was performed to remove Al, which can lead to more vacancies for the introduction of other metal species by post-impregnation (Melero, et al., 2018, Table 1, entry 4) or solid-state ion-exchange method (Song et al., 2017; Table 1, entry 5; Tang et al., 2021; Table 1, entry 6). The Zr(Hf)-modified molecular sieve catalysts showed superior catalytic activities in this reaction (Table 1, entries 4–10). In this type of dual acid site catalysts, Brönsted acidity is obtained from the Al sites and Lewis acidity is obtained from Zr or Hf sites. From the aspect of increasing catalysts’ Brönsted acid centers, phosphotungstic acid (HPW) has received attention for its strong Brönsted acidity (Frattini et al., 2017). HPW/Zr-beta and ZrO2-HPW-beta were prepared and applied in one-pot conversion of FAL in 2-propanol to give high GVL yields (Winoto et al., 2019; Table 1, entry 7; Rao et al.; Table 1, entry 8).
In addition to the effect brought by active sites, structure and morphology of the molecular sieve are also important for its catalytic efficiency. Taking ZrO2-[Al]MFI-ns 30 as an example, the MFI molecular sieve has a nano-sponge (NS) morphology, and its unique mesoporous structure allows the ZrO2 clusters (Lewis acid sites) to be confined within a few unit cell-thin porous silica-aluminate molecular sieve walls (Brönsted acid sites) (Kim et al., 2020; Table 1, entry 9). The generation of separate Brönsted and Lewis acid sites on the internal and external molecular sieves resulted in a significant enhancement of GVL yield (82.8%).
Mesoporous silica catalysts
Mesoporous silica materials are good catalytic supports for their well-defined pore channels, large surface area, and tunable physical/chemical properties (Singh et al., 2018). ZrO2/SBA-15 and Zr-KIT were prepared by loading ZrO2 onto SBA-15 (Iglesias et al., 2018) and incorporating Zr into KIT-5 (He et al., 2019) and applied for GVL production by MPV reduction. A medium GVL yield of about 40% from FAL was reported. It may be because the acid strength and density of the catalyst is not enough.
Rao et al. (2021) reported a more efficient bifunctional mesoporous silica catalyst containing Zr and tungstophosphoric acid (TPA/ZrO2-SBA-15), which can completely convert furfural and give a GVL yield of 81%. (Table 1, entry 11). This research indicated that the acid–base properties of the catalyst were directed by the location of ZrO2 or TPA in the support, and that the catalyst with ZrO2 present inside the SBA-15 pores and TPA dispersed on the support showed the highest activity.
A magnetically recoverable multifunctional catalyst (Fe3O4/ZrO2@MCM-41) was tailored by the impregnation of ZrO2 supported on mesoporous MCM-41 coated with Fe3O4 nanoparticles for the cascade conversion of furfural (FAL) giving high yield of GVL. According to the literature, incorporation of Fe3O4 could not only impart the catalyst with a strong magnetism but also tune its acidity to promote GVL production (Gao et al., 2021; Table 1, entry 12).
Other bifunctional catalysts
Among the most active bifunctional catalytic systems reported in the last 5 years, metal–organic frameworks (MOFs), porous Al2O3, and inorganic–organic framework catalysts are notable. As MOFs have a well-defined three-dimensional crystal structure, uniform active centers, high surface area, and porosity, they can be used as both catalysts and catalyst carriers. As shown in Table 1 entry 13, sulfated DUT-67(Hf) bifunctional metal–organic framework catalyst was prepared for the preparation of GVL reaching a yield of 87.1% (Li et al., 2019). The amount of Brönsted acid centers is regulated by adjusting the concentration of the aqueous sulfuric acid solution. But this catalyst cannot be recycled due to a dramatic loss of Brönsted acid sites in the reaction. A complex acid regeneration process was required before reuse.
A mesoporous Al2O3-SO3H catalyst was prepared by grafting sulfonic acid groups onto mesoporous Al2O3 (Karnjanakom et al., 2021, Table 1 entry 14). The mesoporous structure allows the Lewis and Brönsted acid sites in the catalyst to easily transfer intermediates and thus produces the desired GVL. The addition of salt (LiCl) increased the miscibility of the substrate and intermediates in the solvent phase and therefore increased the diffusion rate of the reacting molecules in the organic phase. It was also shown that ultrasonic assistance and the presence of O2 could inhibit the formation of humus and could maintain the stability of the catalyst. The catalyst could be reused for up to twenty runs without significant change. This catalytic system replaces the high-pressure hydrothermal system with a safer and greener ultrasonic/oxygen molecular system, which provides a new idea for the future one-pot method to produce GVL.
Peng et al. (2021) (Table 1 entry 15) reported a multifunctional Zr-containing catalyst (FM-Zr-ARS) with a stable porous inorganic–organic framework that showed high catalytic activity for GVL production (72.4% yield of GVL) from FAL (Table 1, entry 14). The -O-Zr-O- network in the FM-Zr-ARS structure formed a rich content of Lewis acid–base sites. The inherent sulfonic groups in ARS gave the FM-Zr-ARS hybrid an unsaturated acid site.
In addition, coordination organophosphate-Hf polymers (VPA-Hf) were prepared and found to exhibit superior performance in the one-step conversion of furfural to γ-valerolactone with a high yield of 81.0%, with a turnover frequency of 5.0 h−1 (Ye et al., 2020, Table 1 entry 16). The environmentally friendly material zirconium phosphate (ZrP) was also used as bifunctional catalysts in this reaction and showed good catalytic activity (Ye et al., 2020, Table 1 entry 17; Li et al., 2021, Table 1 entry 18).
It is noteworthy that ZrOCl2 as an acid/base bifunctional catalyst showed remarkable catalytic activity in the production of GVL (He et al., 2020). A maximum GVL yield of 63.3 and 52.1% was achieved from furfuryl alcohol and furfural at 200°C, respectively. [ZrO(OH)2]n• xH2O species and Brönsted acid species H+ were derived from in situ hydrolysis of ZrOCl2•8H2O. This research may provide a new idea for the construction of bifunctional catalysts.
CONCLUSION AND OUTLOOK
At present, researchers continue to explore various bifunctional or multifunctional high-efficiency catalysts for the one-pot production of GVL from FAL. To avoid the high pressure and high cost associated with direct hydrogenation (H2), alcohols, especially 2-propanol, are considered hydrogen donors for the production of GVL via MPV reduction reactions. In terms of bifunctional catalysts, molecular sieve catalysts with Brönsted/Lewis acid active sites are in mainstream GVL production. The highly active Lewis acid centers are mainly Zr or its cognate main group of Hf-based genera. Acting as Brönsted acids are Al-beta molecular sieves, H-ZSM-5 molecular sieves, HPW, zirconium phosphate, and sulfonic acid groups. The supports with a well-defined structure, well-developed pores, and an easily adjustable acid center will be more favorable for this reaction.
Though rapid development in developing efficient catalytic systems for one-pot conversion of FAL to GVL has been made, there are still some challenges. For example, humins are a big problem in the one-pot reaction, which decrease GVL yields and deactivate catalysts by deposition. Future research should also vigorously focus on exploring new bifunctional catalysts with high efficiency, low cost, energy saving, and environmental protection. Synergistic acid–base bifunctional catalysts can be developed to explore new catalytic systems. The plausible catalytic mechanism is worthy to be understood. Finally, one-pot synthesis of GVL from more upstream raw materials (e.g., lignocellulose, hemicellulose, or xylose) by using synergistic catalysis of Brönsted acid and Lewis acid is highly expected.
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Doping of heteroatoms into carbon materials is a popular method to modify their physicochemical structures and has been widely used in the fields of energy conversion and storage. This study aims to investigate the effect of doping atmosphere on the catalytic performance of nitrogen and sulfur co-doped biochar supported Ru in the production of phenolic monomers from lignin hydrogenolysis. The results showed that the catalyst prepared under CO2 atmosphere (Ru@CNS-CO2) was able to produce phenolic monomers from corncob lignin with a yield up to 36.41 wt%, which was significantly higher than that from the run over N2-prepared catalyst (Ru@CNS-N2). The characterization of the catalysts demonstrated that the CNS-CO2 support had a larger specific surface area, richer C=S and C-S groups, and higher oxygen content than CNS-N2, resulting in finer Ru particles and more Ru0 content on the CNS-CO2 support. The Ru@CNS-CO2 catalyst exhibited high activity in hydrogenation and fragmentation of β-O-4 linkages.
Keywords: lignin, phenolic monomers, N,S-co-doping, biochar, hydrogenolysis
INTRODUCTION
With the exhaustion of fossil energy and the emission of carbon dioxide during its utilization, biomass conversion has become a hot topic because of its renewability and carbon neutrality or even negativity. Lignin, which accounts for 15–30 wt% of biomass, consists of coniferyl alcohol (G), sinapyl alcohol (S), and p-coumaryl alcohol (H) phenylpropane units connected by C-O/C bonds, and is usually considered to be the largest source of renewable aromatic-containing compounds in nature (Zakzeski et al., 2010; Shuai et al., 2016). The main method for lignin valorization is to break the linkages among structural units to form small molecular phenolic compounds, which has great potentials in important platforms to produce fuels, phenolic resin, and other chemicals (Ragauskas et al., 2014; Schutyser et al., 2018; Zevallos Torres et al., 2020). Lignin depolymerization into chemicals and fuels, however, remains a challenge due to the stability and complexity of its structure.
Many strategies, such as catalytic pyrolysis, oxidation, hydrogenolysis, have been developed to break the C-O/C bonds among structural units (Li et al., 2015; Chen et al., 2021). Among them, catalytic hydrogenolysis is considered as one of the most promising methods because of the high selectivity to break specific bonds (Ye et al., 2021). Transition metals loaded on various supports are commonly employed as effective catalysts for the hydrogenolysis of lignin, which has led to two research directions: 1) exploration of the types of metals and/or the synergistic effect of multiple metals. For example, Cheng et al. compared the effects of Ni/C, Cu/C, and NiCu/C catalysts on depolymerization of organosolv poplar lignin, and NiCu/C was found to have the best catalytic performance among them (Cheng et al., 2020). Also, Li et al. investigated the activity of M/NiAl2O4 (M = Pt, Pd, Ru) catalysts in lignin hydrogenolysis, and Ru/NiAl2O4 showed the highest activity due to the rapid recovery of active sites (Li et al., 2021). 2) modification of the structures of supports to adjust the interactions between metals and supports, including the control of support composition and/or morphology, skeleton doping, and surface functionalization (van Deelen et al., 2019).
Among various support materials, biomass-derived biochar has attracted extensive attention because of the structural controllability, environmental friendliness, and low cost (Liu et al., 2015; Xiong et al., 2017). Since biochar is mainly composed of carbon atoms, doping heteroatoms (e.g., oxygen, nitrogen, sulfur, phosphorus, etc.) into biochar structure (including skeleton doping and surface functionalization) will inevitably affect the electron cloud density distribution of biochar, thus leading to change in interactions between metals and biochar. Recently, Luo et al. used nitrogen-doped biochar to load Ru particles as a catalyst and a high yield of phenolic monomer with 31.2 wt% was obtained by cornstalk lignin hydrogenolysis at 260°C (Luo et al., 2022). They claimed that the doping of nitrogen led to the formation of micro-mesoporous structure and promoted the electron transfer between the loaded Ru and biochar. Our previous study also investigated lignin hydrogenolysis over Ru supported on various (non)-functionalized graphitized carbon nanotubes (CNT, CNT-OH, CNT-COOH, and CNT-NH2), and Ru@CNT-NH2 provided the highest yield of phenolic monomers due to the prominent partial hydrogenation of C (sp2)-O/C bonds to C (sp3)-O/C bonds in lignin (Wu et al., 2021).
It should be noted that the doping of heteroatoms into biochar was usually conducted under an inert atmosphere (e.g., N2 and Ar), indicating that the insertion of heteroatoms into biochar was highly temperature-dependent. This often results in an inefficient doping process and non-uniform distribution of heteroatoms, which further affects the distribution of metals. It can be known from gasification of coal/biochar that carbon is easy to react with some active atmospheres (such as O2, CO2, and H2O), thus forming defects in carbon skeleton. Particularly for CO2, it can selectively react with the small aromatic rings in the carbon structure (Zhang et al., 2022). Inspired by this, doping of heteroatoms under an active atmosphere is expected to create more sites for doping and help the insertion of heteroatoms into carbon skeleton.
In this study, nitrogen and sulfur co-doped biochars in N2 and CO2 atmospheres were prepared as supports. After loading Ru onto the prepared supports, various characterizations were conducted to understand the differences in the physiochemical structures of the catalysts. Finally, catalytic hydrogenolysis of a technical lignin was performed to investigate the effect of doping atmosphere, with an emphasis on the production of phenolic monomers.
EXPERIMENTS
Materials
Technical lignin (40–200 mesh) was purchased from Shandong Longlive Biotechnology Co., Ltd., China. Ruthenium chloride hydrate (RuCl3•xH2O) with Ru content 35–42% was purchased from Aladdin Technical Corporation, China. Methanol (>99.5%) was purchased from Nanjing Chemical Reagent Co., Ltd., China. Thiourea (≥99.0%) was purchased from Sinopharm Chemical Reagent Co., Ltd. Deionized water was used throughout the experiment.
Catalysts preparation
The biochar support was obtained from poplar pyrolysis under a N2 atmosphere at 450°C for 3 h. Nitrogen and sulfur co-doped supports were prepared by carbonizing a mixture of char and thiourea at a 1:2 mass ratio under a N2 or CO2 atmosphere at 800°C for 1 h, which were noted as CNS-N2 and CNS-CO2 later. To understand the effect of nitrogen and sulfur co-doping, a sole biochar sample was also carbonized at 800°C under N2 atmosphere to prepare a undoped support (marked as C). Then, the supports were volume-impregnated by a mixed solution of RuCl3•xH2O dissolved by ethanol and water (1:1 volume ratio) to load Ru, the amount of which was precalculated of 5 wt%. The dried samples were reduced at 400°C for 3 h with a mixed atmosphere flow of 5% H2 and 95% Ar (total 1 L/min) to finally obtain the Ru@C, Ru@CNS-N2 and Ru@CNS-CO2 catalysts⁰.
Catalytic performance tests
For each hydrogenolysis reaction, 1 g of dried technical lignin, 0.2 g catalyst and 30 ml methanol were put into a 100 ml mechanical stirring autoclave. Residual air in the sealed autoclave was purged with nitrogen and hydrogen for five times successively, and then 1 MPa H2 was pressurized. The reaction was maintained at 250°C for 2 h. After that, the reactor was cooled down to room temperature and the liquid products were collected for qualitative and quantitative analysis.
The obtained organic soluble oil was analyzed by gas chromatography/mass spectrometry (GC/MS) equipped with column Agilent J&W VF-1701ms (30 m × 250 μm × 0.5 μ m). The column was heated to 200°C at the rate of 5°C/min from the initial temperature of 40°C, and then raised to 280°C at the rate of 10°C/min and held for 3 min. The external standard sample concentrations of five concentrations were used for the standard curve, and then the concentration of the compound was calculated according to the peak area. The yield of phenolic monomer was calculated according to the following formula:
[image: image]
where Ymonomer (%) was the monomer yield based on the weight of technical lignin; Cmonomer (g/L) represented the concentration calculated by the peak area; V (ml) was the total volume of liquid sample taken for GC/MS analysis; and mlignin (g) was the mass of technical lignin.
Catalyst characterization
Elemental analysis to determine the contents of C, S, N and H of ash-free base of the catalysts was conducted on a Vario ELIII elemental analyzer (Elementar Company, Gernany). The Brunauer–Emmett–Teller method (BET) with a nitrogen adsorption/desorption isotherm was conducted on BSD-PM4 analyzer from BSD INSTRUMENT (Beijing) to obtain the specific surface area. The degassing temperature was 300°C, and the degassing time was 510 min. The prepared catalysts were also analyzed by FTIR (Bruker Vertex 80V, Germany) using the potassium bromide pellet technique, in which a KBr:char ratio of 100:1 (w:w) was used. The FTIR spectral region was from 400 to 4,000 cm−1. The carbon structures of the catalysts were measured by a Raman technique spectrometer (ThermoFisher DXR532). The excitation laser wavelength used in the equipment was 780 nm, while the laser power was 24 mW. Based on previous study (Zhang et al., 2011; Wang et al., 2017), the original Raman spectra were curve-fitted into 10 Gaussian bands, in which the ratio of D to (GR + VL + VR) band areas would suggest the ratio of the large to small aromatic ring systems. Temperature-programmed desorption (TPD) was conducted on a PCA-1200 BUILDER chemical adsorption analyzer (China) to analyze the surface acid sites. The samples were first saturated using 10 vol% NH3 (30 ml/min) at 50°C for 30 min. After purging by N2 (30 ml/min) at 50°C for 1 h, the NH3-TPD was conducted by raising temperature from 50 to 650°C at a rate of 10°C/min and keeping it at 650°C for 1 h. X-ray photoelectron spectroscopy (XPS) was measured to investigate the chemical states of elements, such as Ru, C, N and S, relying on AXIS UltraDLD (Shimadzu, Japan) instrument equipped with Al Kα radiation (150 W), whose wide pass energy was 160 eV and narrow pass energy was 40 eV. Before testing, pure silica was mixed up with the catalysts as an internal standard to calibrate the binding energies. High-resolution transmission electron microscopy (HRTEM) was carried out to analyze the Ru particle size and observe the dispersion, of which the average particle diameter (d) was calculated according to the following formula:
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where ni was the count of particles and di was each characteristic diameter of particles.
RESULTS AND DISCUSSION
Characteristics of Ru@C, Ru@CNS-N2 and Ru@CNS-CO2
The three prepared catalysts were analyzed by various methods to understand the differences in their physicochemical structures caused by N,S co-doping and/or doping atmosphere. TEM analysis was conducted to measure the morphology and distribution of metal Ru particles on the three supports. It can be observed from Figure 1 that the Ru particles on the undoped char were agglomerated with an average size of 5.42 nm, while the Ru particles were well dispersed on the N,S-co-doped char with smaller sizes. Surprisingly, the particles size of Ru on CNS-CO2 was as small as 1.41 nm. This is consistent with the results of the study from Li et al., in which they found that the strong chemical interaction between metal and the doped sulfur atoms can greatly suppress the aggregation of metal species (Li et al., 2020). It has also been reported that smaller metal particles showed better catalytic performance during reactions (Che et al., 1989; Isaifan et al., 2013). Thus, Ru@CNS-CO2 was expected to have a good catalytic effect on lignin depolymerization.
[image: Figure 1]FIGURE 1 | TEM images and histograms of particle size for the catalysts.
CO2 is a typical agent for activation of carbon material, and the specific surface area of the carbon material can be significantly improved. Figure 2A shows the nitrogen adsorption and desorption isotherms of the three catalysts, among which Ru@C belonged to a typical type IV isotherm, while Ru@CNS-N2 and Ru@CNS-CO2 were typical type I isotherm. The change of the isotherm type of the catalyst from type IV to type I indicated that the mesopores in the catalyst were consumed during the N,S-co-doping process, which was also proved by the pore size distribution shown in Figure 2B. Although the three catalysts were predominant in micropores, a small peak at around 5 nm for Ru@C could be observed. Compared with Ru@C, the specific surface area of Ru@CNS-N2 slightly reduced from 481.3 to 442.3 m2/g, indicating that the doping of nitrogen and sulfur into char under N2 atmosphere also consumed a portion of micropores. Conversely, the specific surface area of Ru@CNS-CO2 significantly increased to 971.1 m2/g due to the reaction of CO2 with carbon to generate micropores.
[image: Figure 2]FIGURE 2 | Nitrogen physical sorption isotherms (A) and pore size distribution (B) of the catalysts.
Table 1 lists the elemental composition of the three catalysts. The content of Ru was stabilized at 4.5–4.8 wt% for all prepared catalysts. Since the biochar support has experienced the temperature as high as 800°C, the carbon content in Ru@C reached 83.2 wt% and the oxygen content reduced to 11.3 wt%. After the biochar support was doped by nitrogen and sulfur, the carbon content in Ru@CNS-N2 reduced to 74.2 wt%. However, the reduction in carbon content did not necessarily mean that carbon was successfully replaced by heteroatoms, which could also be present as surface functional groups. Reasonably, the contents of nitrogen and sulfur, which were negligible in Ru@C, respectively increased to 6.3 and 2.8 wt% in Ru@CNS-N2. The doping process insignificantly affect the oxygen content. When the doping atmosphere changed from N2 to CO2, the carbon content obviously decreased to 58.5 wt%, mainly caused by the reaction between carbon and CO2. It is well known that CO2 atmosphere favors the formation of oxygen-containing functional groups on biochar surface under high temperature (Liu et al., 2020), which led to an oxygen content up to 25.0 wt% in Ru@CNS-CO2. It has been reported that the carbon atoms close to oxygen-containing functional groups had unique electron cloud densities and thus exhibited special interactions with Ru nanoparticles and/or lignin molecules (Li et al., 2019).
TABLE 1 | Elemental and Raman analyses of the three catalysts.
[image: Table 1]Figure 3 shows the FTIR spectra of the three catalysts. Compared with Ru@C, the band at around 3,435 cm−1 from Ru@CNS-CO2 and Ru@CNS-N2, which is assigned to O-H and/or N-H, became significantly higher because of the presence of N-H groups derived from nitrogen doping. The band at 1,620 cm−1 is assigned to C=O group. It is interesting to find that the doping of nitrogen and sulfur under both N2 and CO2 atmospheres favored the formation of C=O group. More importantly, the CO2 atmosphere was obviously beneficial to the doping of sulfur into the char carbon skeleton, since the signals of C=S and C-S groups from Ru@CNS-CO2 were much stronger than those from the others (Taheri-Torbati et al., 2017; Cui et al., 2018). Similar to oxygen doping, since sulfur has a larger electronegativity than carbon, the successful doping of sulfur into carbon skeleton can also cause changes in the electron cloud density of the char, which is expected to improve the catalytic performance of Ru@CNS-CO2.
[image: Figure 3]FIGURE 3 | FTIR spectra of the three catalysts.
The chemical states of Ru, C, N, and S elements in the three catalysts were studied by XPS measurements. The XPS spectra of Ru 3p 3/2 can be deconvoluted into Ru0 and Run+ species, in which the Ru0 species had been recognized as the active sites for hydrogenolysis of lignin (Wu et al., 2021; Ding et al., 2022). As shown in Figure 4A, the content of Ru0 species slightly increased from 75.45% (Ru@C) to 78.14% (Ru@CNS-N2), suggesting that the co-doping of nitrogen and sulfur could facilitate the formation of Ru0 species. When the doping atmosphere changed from N2 to CO2, the content of Ru0 species in Ru@CNS-CO2 significantly increased to 87.51%. This can be explained by the better doping of sulfur into the carbon skeleton under CO2 atmosphere and the greater electronegativity of sulfur in comparison to carbon, thus promoting the electron transfer from CNS-CO2 support to Ru particles. The interactions between the doped chars and Ru particles were also demonstrated by the shift of the binding energy of metallic Ru (462.9 vs 461.4 eV). Figure 4B showed the XPS spectra of C 1s. Except for the overlapping peak of Ru 3d 3/2, the C 1s XPS spectra can be deconvoluted into C-C/C=C at 284.8 eV, C-O at 285.9 eV, C-O-C at 286.9 eV, and π-π bond at 289.4 eV. The content of C-C/C=C reduced from 46.9% (Ru@C) to 42.3% (Ru@CNS-N2), indicating that the doping of nitrogen and sulfur in N2 reduced the graphitization degree of the char to a certain degree. However, that number increased to 58.5% in the case of Ru@CNS-CO2, resulting from the selective consumption of small aromatic rings in carbon structure by CO2. This conclusion was also proved by the Raman analysis of the catalysts. The value of (GR + VL + VR)/D, which represents the ratio of the small to large aromatic ring systems in carbon materials (Huang et al., 2020), increased from 0.81 (Ru@C) to 1.08 (Ru@CNS-N2) and then decreased to 0.93 (Ru@CNS-CO2), as listed in Table 1. The N 1s XPS spectra, as exhibited in Figure 4C, were deconvoluted into pyridinic-N (398.6 eV), pyrrolic-N (400.5 eV), graphitic-N (402.0 eV), and nitrogen oxide (405 eV). The high contents of pyridinic-N and pyrrolic-N suggested the doping of nitrogen into carbon skeleton of char. Since the CO2 atmosphere would introduce oxygen-containing functional groups to the char surface, the content of the O-N species in Ru@CNS-CO2 was significantly higher than that in Ru@CNS-N2. Figure 4D shows the S 2p XPS spectra, which were deconvoluted into C-S-C species of S 2p 1/2 and S 2p 3/2 as well as C-SOx. The higher contents of C-S-C species in Ru@CNS-CO2 also indicated the successfully doping of sulfur into the carbon skeleton of char, which was in good agreement with the FTIR analysis.
[image: Figure 4]FIGURE 4 | XPS spectra of (A) Ru 3p 3/2, (B) C 1s, (C) N 1s and (D) S 2p of the catalysts.
The introduction of oxygen-, nitrogen-, and/or sulfur-containing functional groups into carbon materials significantly affects their acidity, NH3-TPD analysis was thus conducted to determine the acidic sites of the prepared catalysts. As shown in Figure 5, a small peak at 143.4°C with an area of 1,558 was found for Ru@C, suggesting the presence of very few weakly acidic sites. When the nitrogen and sulfur were doped into the char, the peak was slightly shifted to 140.7°C with an area of 2,605 (Ru@CNS-N2) and 128.7°C with an area of 3,488 (Ru@CNS-CO2), indicating that the acidity of the catalyst became weaker but the acid sites were more abundant, particularly under the CO2 atmosphere.
[image: Figure 5]FIGURE 5 | NH3-TPD patterns of the three catalysts.
Production of phenolic monomers from lignin depolymerization over the three catalysts
On the basis of understanding the properties of the three catalysts, a technical lignin derived from corncob was selected to test their catalytic performances on the production of phenolic monomers. The liquid products from the lignin depolymerization were qualitatively and quantitatively analyzed by GC/MS, and the total ion chromatograms (TICs) of the products as well as the yield of each compound are shown in Figure 6 and Table 2, respectively. For comparison, a run without catalyst was also conducted, in which the total yield of all identified phenolic monomers was only 10.25 wt% (entry 16, Table 2). The most abundant compounds from the blank run, compounds 14 (methyl ferulate, 2.38 wt%) and 15 (methyl coumarate, 2.74 wt%), were not the products from the typical β-O-4 subunits. When the non-doped catalyst (Ru@C) was employed, the richest product shifted to compound 12 (methyl 3-(4-hydroxy-3-methoxyphenyl)propanoate, 5.14 wt%), followed by compounds 5 (4-ethyl-2-methoxyphenol, 4.47 wt%) and 4 (4-ethylphenol, 4.03 wt%). It should be noted that compound 12 was a hydrogenation product of compound 14. Based on our previous study, the saturation of the double bond (Cβ = Cγ) in compounds 14 and 15 reduced the bond dissociation energies of Cβ-Cγ, thus contributing to the production of compounds five and four by decarboxylation, respectively (Wu et al., 2021). With the help of Ru@C, the total yield of phenolic monomers of corncob lignin depolymerization increased to 20.47 wt%. Repolymerization of lignin-derived intermediates to macromolecules has been recognized as common reactions during lignin conversion, which led to the low yield of total phenolic monomers from the blank run (Deuss et al., 2015). Since the compounds 12, 4, and five could be derived from the products 14 and 15, the improved yield of total phenolic monomers from the Ru@C run meant that the catalyst not only facilitated the depolymerization of lignin to compounds 14 and 15 but also hindered their repolymerization. Unfortunately, the yield of total phenolic monomers and the main composition of the lignin oil from the run over Ru@CNS-N2 were very close to those from the Ru@C run. This could be explained by the similar properties between Ru@C and Ru@CNS-N2, such as Ru particle sizes, specific surface areas, and contents of Ru0 species, also reflected the inapplicability of N2 atmosphere in doping of heteroatoms into carbon materials to prepare catalyst. On the other hand, as discussed in Section 3.1, the CO2 atmosphere not only obviously improved the specific surface area but also helped the doping of sulfur into the carbon skeleton of char, thus leading to finer Ru particle size, more Ru0 content, and more weak acid sites. Unsurprisingly, the yield of total phenolic monomers significantly increased to 36.41 wt% in the case of Ru@CNS-CO2 (see Table 2), demonstrating the importance of CO2 for the doping process. This yield was even higher than the data from our previous study by a factor of 1.34, in which Ru supported on aminated carbon nanotubes was employed as the catalyst (Wu et al., 2021). The most abundant compound from the Ru@CNS-CO2 run was still compound 12 with a yield as high as 13.29 wt%, suggesting a promising hydrogenation ability of Ru@CNS-CO2. Different with the runs over Ru@C and Ru@CNS-N2, the second richest compound here was compound 10 (2,6-dimethoxy-4-propylphenol) rather than compounds four or 5, implying that Ru@CNS-CO2 also had high activity in fragmentation of typical β-O-4 bonds (Wang et al., 2018; Wang et al., 2019). Based on the experimental results, a schematic diagram of lignin depolymerization to the main compounds can be proposed in Figure 7.
[image: Figure 6]FIGURE 6 | TICs of the products from lignin depolymerization over different catalysts.
TABLE 2 | Yields of phenolic monomers from catalytic depolymerization of lignin over different catalysts.
[image: Table 2][image: Figure 7]FIGURE 7 | Schematic diagram of lignin depolymerization to the main compounds.
CONCLUSION
Ru supported on nitrogen and sulfur co-doped biochar catalysts were prepared for hydrogenolysis of technical lignin to phenolic monomers. The effect of atmosphere for the doping process on catalytic performance was studied by using N2 and CO2. The following conclusions can be drawn based on the experimental results:
1) The physicochemical structures of CNS-N2 and CNS-CO2 supports were significantly different. Compared with CNS-N2, CNS-CO2 was characterized by larger specific surface area, richer C=S and C-S groups, and higher oxygen content.
2) The unique structure of CNS-CO2 support can prevent the agglomeration of Ru particles. The particle size of Ru from Ru@CNS-CO2 was as small as 1.41 nm, which was significantly smaller than that from Ru@CNS-N2 (4.46 nm). Furthermore, the Ru0 species in Ru@CNS-CO2 as well as its acid sites were much richer than those in Ru@CNS-N2.
3) The yield of phenolic monomers from corncob-derived lignin hydrogenolysis over Ru@CNS-CO2 was as high as 36.41 wt%, which was higher than that over Ru@CNS-N2 by a factor of 1.6.
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Entry Catalyst B/L Dosing Optimum condition Reference
acid ratio® yield/%
ratio
1 Ze-HY + Al-HY 2 2 120°C, 5 b, and 2-pentanol 85 Zhang T et al. (2019)
2 Chitosan-Ru/ - - 160°C, 30 b, and ethanol/formic acid = 95/5 79 Wang Y et al. (2020)
PPhs+HZSM-5
3 CuAl + HZSM-5 1 05 160°C, 2 h, ethanol, and 5 MPa H, 905 Shao et al. (2021)
4 Zr-Al-beta (AUZr" = 0.2) 0.05 12 170°C, 4 h, and 2-propanol 70.0 Melero et al. (2018)
5 Meso-Zr-Al-beta (Al 05 04 120°C, 24 h, 2-propanol, and 5% water 950 Song et al. (2017)
zr* = 077)
6 HE-ALUSY 043 10 140°C, 12 b, and 2-propanol 649 Tang et al. (2021)
7 HPW/Zr-beta 031 25 160°C, 24 b, and 2-propanol 700 Winoto et al. (2019)
8 710,-HPW-beta 065 13 170°C, 10 b, and 2-propanol 900 Rao et al. (2019)
9 710,-Al-MFl-ns 0.035 25 170°C, 36 b, and 2-propanol 828 Kim et al. (2020)
10 Zr-CN/H-bate - 22 160°C, 18 b, and 2-propanol 765 Zhang H et al. (2019)
1 HPW/ZrO,-SBA-15 049 131 170°C, 11 b, and 2-propanol 810 Rao et al. (2021)
12 Fe;0,/Z10,@MCM-4 — 012 130°C, 30 b, and 2-propanol 857 Gao et al. (2021)
13 Sulfated DUT-67(HOMOF ~ — 04 180°C, 24 h, and 2-propanol 871 Li et al. (2019)
14 Meso-ALOy-SO;H+01g 435 133 120°C, 4 h, 2-butanol, ultrasonic power 90W, and 856 Karnjanakom et al.
Lcl duty cycle 60% (2021)
15 EM-Zr-ARS 1.89 048 160°C, 8 h, and 2-propanol 724 Peng et al. (2021)
16 VPA-Hf 019 05 180°C, 14 h, and 2-propanol 810 Tan et al. (2022)
17 ZtP/HZSM-5 015 - 180°C, 10 b, 2-propanol, and 0.5 MPa N, 642 Ye et al. (2020)
18 Zr-PISAPO-34 012 05 150°C, 18 b, and 2-propanol 800 Li et al. (2021)

*Furfural to catalyst mass ratio.
"Al/Zx molar ratio.
‘Ratio of the two mi

ingcatalysts:





OPS/images/fchem-10-959572/fchem-10-959572-g001.gif





OPS/images/fchem-10-959572/crossmark.jpg
©

|





OPS/images/fchem-10-925622/math_4.gif
InAjupy = 10K + ~InCippay )





OPS/images/fchem-10-925622/math_3.gif
Asrw = KeCoypus

3)





OPS/images/fchem-10-925622/math_2.gif
@

TV S W— —c—





OPS/images/fchem-10-925622/math_1.gif
Anrw

Arionr

Oriw Crirw

T+ by Crrwr

[0





OPS/images/fchem-10-925622/fchem-10-925622-t007.jpg
Entry  2-Methylimidazole: HP'W  Conversion (%)  Selectivity” (%)

1 0:1 58.6 704
2 1:1 69.0 96.8

Reaction condlitions: 4 mmol benzyl alcohol, 16 mmol H,0y, 0.075 mmol HPWt, 90°C,
6 h, and 15 ml solvent (CHsCN: H20, 1: 3.
aSelectivity for benzaldehyde.
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AC-COIMI-HPW

[TMGHA), sHo 6sPW

GO-N-PW

PAMAM dendritic phosphotungstate hybrids
Long-chain multi-SOH heteropolyanion
HPW/PEHA/ZISBA-15
Polyoxometalate-based gemini ionic liquid
Iron (Il tosylate

[PipBs2]s-(PW),

Chromium borophosphate

PW@IL-GO

Iron chloride-immobilized ionic liquid

Temperature (C)  Time (h)

90
90
100
100
70
80
95
60
90
80
100
90

orr0D 00

]

o0

4The numeral refarming 1o fotal times in recycling use of tyoical catalyst

Conversion (%)

90.2
69.8
80
89
100
615
96
91.7
96
58
93
618

Selectivity (%)

915
91.8
95
91
92
89.0
86
713
93
95
91
736

Times®

NO Lo NSO =

Reference

This work

Chen et al. (2014)
Liu et al. (2014)
Chen et al. (2014)
Liet al. (2015)
Zhang et al. (2015)
Hao et al. (2018)
Zhao et al. (2018)
Keshavarz et al. (2019)
Demet Ozer, (2020)
Zheng et al. (2020)
Cang et al. (2020)
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Entry

s

Catalyst

Co/MoS,-FL-DR

Co/nano-MoS;
Co-Mo-S

CoSzMoS,

Flower-like Co-doped
MoS,

CoMos

Flower-like Co-Mo-S
CoMo/Al,05

CoMos
Co-Mos,
Co-MoS..
P-MOS.«
Ni-Mo-S
NiS2/MoS;
NiMowS
Ni-Mo-W-8
Fe/MoS,

Conditions

Catalytic performance

c)
230

220
275

250
300

300
275
360

300
180
120
120
300
275
300
300
250

P
(MPa)

3.0

3.0
4.0

4.0
4.0

4.0
4.0
7.0

3.0
30
3.0
5.0
4.0
4.0
3.0
4.0
4.0

t(h)

oo

woo s

Catalyst
(@

0.5

05
0.3

0.03
0.02

0.02
0.1
1.0

0.01
0.02
0.04
0.2
0.6
0.3
0.2
0.2
0.03

Reactor
type

Continuous

Continuous
Batch

Batch
Batch

Batch
Batch
Batch

Batch
Batch
Batch
Batch
Batch
Batch
Batch
Batch
Batch

p-cresol
(mmol)

23

23
138.9

444
52

5.0
1333
4.0

13
26
5.2
24
125
125
256
a7
296

Conv.

(%)
100

98.7
100

98
9938

100
856
95

99.1
976
974
100
2.9
95.8
97.8
979
96.3

Toluene
Select. (%)

99.7

98.9
922

99
97.9

100
97.5
18

94.4
98.4
99.5
37

288
356
87.2
30.1
94.5

Ref.

Zhang et al.
(20212)

Ceo et al. (20212)
Wang et al.
(2014b)
Wang et al.
(2016b)
Song et al. (2018a)

Song etal. (2018b)
Wangetal. (2016c)
Wandas et al.
(1996)

Liu et al. (2020)
Liu et al. (2017)
Wu et al. (2020)
Wu et al. (2022)
Wangetal. (2015a)
Wangetal. (2016)
Wangetal. (2014a)
Wangetal. (2014c)
Guo et al. (2019)
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Entry

1
2
3
s
50
6
7
g
9*
10*
112
122
13
142
15%
16°

17°
18
19°

"yield to BHMF.

Catalyst

RUMNC0;0;
CoaC
Meso-Cu/AlOs
imp-Cu/Al,O;
cp-Cu/Al,0;
Cu/Ai,05
NiCo,
Zr-DTPA
Zr-HTC
MzcoP
ZrBa-SBA
H-LigS
Zr-LigS
CuO-Fe:0/AC
71Ba-SBA
Ru/CeOy

Ru (methylally)2COD
Ni-Al
Ni-Co-Al

bvield to BHMTHF.

Hydrogen
Donor

isopropanol
isopropanol
isopropanol
isopropanol
isopropanol
isopropanol
Ethanol
isopropanol
He

Solvent

methanol
methanol
Ethanol
Ethanol
Ethanol
methanol
THF
isopropanol
isopropanol
isopropanol
isopropanol
isopropanol
isopropanol
Ethanol
isopropanol
1-butanol/
water
toluene
Dioxane
methanol

T(Q)

100
110
70
70
70
130
100
140
120
140
150
100
100
150
150
130

120

120

P

(MPa)

82
3.0
5.0
5.0
5.0
3.0
05

28

1.0

s o

t(h)

4.0
6.0
35
35
35
1.0
4.0
4.0
4.0
20
25
20
1.0
5.0
25
120

s o

Yield
(%)

98.5
96.0
98.6
723
93.0
921
93.1
95.2
99.2
93.4
90.6
90.0
60.6
92.4
90.6
89.0

87.0
96.2
89.0

Ref

Mishra et al. (2020)
Avias et al. (2020)
Kim et al. (2021)
Kim et al. (2021)
Kim et al. (2021)
Reo et al. (2021)
Zhao et al. (2021)
He et al. (2021)
Hu et . (20182)
Hu et al. (2019)
Wei et al. (2018)
Zhou et . (2019)
Zhou et dl. (2019)
Fan et al(2019)
Zhang et al. (2020)
Alamilo et al. (2012)

Cadu et al. (2018)
Kong et al. (2015)
Yao et al. (2016)
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Entry Substrate

Xylose
xylan
eucalyptus
xylose
xylan
xylan
xylose
xylose
xylose

0 xylose

ol s e L e

DES (mass ratio)

ChOU/CA (2:1)
ChCI/CA (2:1)
ChCI/OA (1:1)
ChCI/OA (1:1)
ChCVOA (1:1)
ChCI/OA (1:1)
ChCVFA (1:6)
ChCU/FA (1:6)
ChCVFA (1:6)
ChCVFA (1:6)

FA. formic acid: OA. oxalic acid: CA. citric acid.

Catalyst

ACI56H,0
ACI56H,0
ACl,
ACI56H,0
FeCly6H,0
ACIy6H,0
SnCly5H,0
ACl3
CeCly7TH,0
ZrCly

T(C)

140
140
140
100
100
100
120
120
120
120

T(min)

25
35
90
60
70
70
120
30
30
30

Yield (%)

731
68.6
703
60.4
38.4
55.5
60.6
39.8
39.1
328

References

Zhang and Yu, (2013)
Zhang and Yu, (2013)
Wang et al. (2018)
Zhang et al. (2014)
Zhang et al. (2014)
Zhang et al. (2014)
Yu et al. (2019a)

Yu et al. (2019a)

Yu et al. (2019a)

Yu et al. (2019a)
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Entry Substrate DES (mass ratio)

1 xylan ChOIMA (1:3)
2 cormcob Betaine/LA

3 cormcob Betaine/LA

4 sugarcane bagasse®  ChCIEG (1:2)
5 com stover ChCIEG (1:2)
6 comn stover ChCIEG (1:2)
7 xylose ChCIfGly (1:2)
8 native cellulose ChCI/OA (1.5:1)

Catalyst

LiBr
DES-SG (S05°
SGS0,

Sn-88°
§0,2/8n0,-CS*
SO,?/Sn0,-CS, MgCl,
HCOOH

IO,

MA, malc acid; EG, ethylene glycol; LA, lactic acid; Gly, glycerol; OA, oxalic acid.

SG: sok-gel method.
"Two-step method.

°SS: Shrimp shell.

dviald of HMF + Furfural.

T(C)

157.3
170
170
170
170
170
180
140

T(min)

174
30
30
20
30
30
30
30

Yield (%)

89.5
453
387
62.3
61.8
68.2
58.3
532¢

References

Morais et al. (2021)
Bodachivskyi et al. (2019)
Bodachivsky et al. (2019)
Liet al. (20213)

Jietal (2021)

Jiet al. (2021)

Li et al. (2021b)

da Siva Lacerda et al. (2015)
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Catalyst First® Third® Fifth®

AC-COMI-HPW 0017 Not detected Not detected
AC-HPW 0.026 0.004 0.004

content in the reaction mixture (ug-mi~").
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Entry Substrate
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Reaction conditions: 4 mmol alcohol, 16 mmol H,0,, 30 mg catalyst, 90°C, 6 h, and 15 ml solvent (CH;ON: H0, 1: 3).
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Entry Solvent

Acetone
Ethyl acetate

Toluene

H,0

CH,CN

CH4CN: H,0(3: 1)
GHyON: H;0(1: 1)
L0(1: 3)
,0(0.5: 3.5)

bt N L ]

0

Reaction conditions: 4 mmol aicohol, 16 mmol Hz0z, 30 mg catalyst, 90°C, 6'h, and 15 mi solvent.

aSelectivity of benzaldehyde.

Temp. ('C)

888838388

90
90

Conversion (%)

523
6.8
135
40.4
75.0
8.6
138
422
90.2
88.5

Selectivity (%)°

88.5
98.5
88.9
90.8
92.0
97.7
98.6
97.6
915
90.5
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Entry Catalyst HPW loading (mmol/g) Conversion (%) Selectivity” (%)
1 None - 47 985
2 AC-COIMI - 20 992
3 HPW 0075 586 70.1
4 AC-HPW 0075 704 91.8
5 AC-COIMI-HPW (1) 0.031 439 97.3
6 AC-COIMI-HPW (2) 0.061 668 %.7
7 AC-COIMI-HPW (3) 0.075 82.4 96.0
8 AC-COIMI-HPW (4) 0.087 202 915
9 AC-COIMI-HPW (5) 0.090 913 90.4

Reaction conditions: 4 mmol aicohol, 16 mmol H.0,, 30 mg catalyst, 90°C, 6 h, and 15 mi solvent (CHsCN: Hz0, 1:3)

aSelectivity for benzaldehyde.
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Sample

AC

AC-OOH
AC-COIMI
AC-COIMI-HPW

BET surface area (m%/g)

1,072
615
316
236

Pore volume (cm°/g)

0.65
037
0.19
0.15

Density (umol/g)

10 (-COOH)
152 (-COOH)
103 (N-Base)
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Independent variables Factors Ranges and levels

-1 o 1

Time(h) A 13 10 16
Catalyst dosage (mg) B 25 30 35
TBHPHMF c 20 30 40
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Entry Factor FDCA selectivity (%)

Time(h) Catalyst dosage (mg) TBHP/HMF
1 13 (1) 25 (-1) 20 (1) 775
2 13 (1) 30(0) 30 (0) 87.0
3 13 (1) 35 (+1) 40 (+1) 88.3
4 13 (-1) 30(0) 30 (0 85.7
5 13 (1) 30(0) 30 (0) 829
6 10(0) 26 (-1) 30 (0) 875
7 13 (-1) 30(0) 30 (0 89.6
8 13 (1) 30(0) 30 (0) 823
9 16 (+1) 35 (+1) 30 (0) 8.4
10 10(0) 30(0) 40 (+1) 87.6
11 10 0) 30(0) 20 (-1) 78.2
12 16 (+1) 25 (-1) 30 (0) 84.9
13 13 (1) 35 (+1) 20 (-1) 80.4
14 16 (+1) 30(0) 20 (-1) 856
15 16 (+1) 30(0) 40 (+1) 8.9
16 13 (1) 25 (-1) 40 (+1) 8.5

17 10 (0 35 (+1) 30 (0 88.2
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Source

Model
A-Time

B-Catalyst Amount
C-TBHP/HMF
Residual

Lack of fit

Pure error

Cor total

Sum of squares

112.36
231
7.80

102.24

92.36

68.77

23.59

204.72

Mean square

37.45
231
7.80

102.24
7.10
7.64
5.90

F-value

5.27
0.33
1.10
14.39

13

p-value prob > F

0.0134
0.5782
0.3138
0.0022

0.4299

significant

not significant
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Sample

AC-O
AC-Ph

PhX

Phi
Phi
Phi
PhBr
PhBr
PhBr
PhCl
PhCI
PhCl

solvent

/
Cyclohexane
Toluene
DMSO
Cyclohexane
Toluene
DMSO
Cyclohexane
Toluene
DMSO

Temp. (°C)

/

80
110
180
80
110
180
80
110
180

-COOH (mmol/g)

0.78
062
0.28
0.29
0.63
0.30
029
0.65
0.53
0.48
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Sample Density Density

of -SO5H (mmol/g) of -COOH (mmol/g)
AC / 003
AC-0 / 078
AC-Ph / 030
"AC-SOzH 003 028
°AC-0-80;H 015 069
AC-Ph-SO5H 064 054

*Sulfonation of unoxidized AC.
bSulfonation of AC-O, without bromobenzene treatment.
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Entry

Name

Phenol

2-Methoxyphenol

2-Methoxy-4-methylphenol

4-Ethylphenol

4-Ethyl-2-methoxyphenol

4-Vinylphenol

2-Methoxy-4-propylphenol

2,6-Dimethoxyphenol

4-Ethyl-2,6-dimethoxyphenol

2,6-Dimethoxy-4-propylphenol

Methyl 3-(4-hydroxyphenyl)propanoate

Methyl 3-(4-hydroxy

-methoxyphenyl)propanoate

4-Allyl-2,6-dimethoxyphenol

Methyl ferulate

Methyl coumarate

Total

Structure

Yield (wt%)

Blank

025

037

028

1.01

049

0.82

061

0.15

020

030

049

0.17

238

274

10.25

Ru@C

0.20
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023

4.03

447

0.16

0.27

0.68

0.40

0.81

1.89

5.4

0.32

1.49

0.13

20.47

Ru@CNS-N,

023

037

031

531

523

012

021

036

021

161

231

532

041

0.88

0.07

2295

Ru@CNS-CO,

021

0.29

0.47

377

531

0.13

0.44

0.31

0.22

4.53

1329

0.38

0.11

021

3641
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Sample C (%) H (%) N (%) S (%) Ru* (%) 0" (%) I(Gg+Vy

+ Ve)/Ip
Ru@C 832 07 02 <0.1 45 113 0.81
Ru@CNS-N, 74.2 L1 63 28 48 108 1.08
Ru@CNS-CO, 585 13 56 4.9 47 250 0.93

*Quantified by ICP-OES.
bBy difference.
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Entry Substrate

Xylose
birch sawdust
oil paim fronds
xylose*

oil paim fronds®
6 Xylan

o i

DES (mass
ratio)

ChCI/Gly (1:3)
ChCI/Gly (1:3)
ChCI/OA (1:1)
ChCVEG (1:2)
ChCI/OA (1:1)
ChCI/MA (1:3)

Gly, glycerol; OA, oxalic acid; EG, ethylene glycol; MA, malic aci.

“wo-step method.

T(C)

160
170
100
180
120
150

T(min)

10
10
135

25

Yield (%)

62
375
263
75.6
56.5

75

References

Rusanen et al. (2021)
Rusanen et al. (2021)
Lee et al. (2019)

Chen and Wan, (2019)
Lee et al. (2021)
Morais et al. (2020)
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Entry Type Through-form Composition Terms

1 Type | Cat*X zMCly Organic and metal salts M= Zn, §n, Fe, Al, Ga, In

2 Type Il Cat™X zMClxyH,0 Organic salts and metal hydrates M = Cr, Co, Cu, Ni, Fe

3 Type Cat'x zRZ Organic salts and HBD Z = CONH,, COOH, OH

4 Type IV MCkRZ = MCly.t"RZ + MClyy” Metal chioride hydrate and HBD M = Al, Zn and Z = CONH,, OH

Cat*: Any ammonium (NR,"), phosphonium (PRy"), or suifonium cation (SRs") (Yiin et al., 2021).
X": A Lewis base, generally a halide anion (<, CI", Br", I, etc.).
> The number of malecules Y that interact with the anion.
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Entry Substrate

hemicellulose®
hemicellulose®
corn husk
Softwood

U. lactuca

P. cruentum

ot -

LA, lactic acid; OA, oxalic acid.
“wo-step method.

DES (mass
ratio)

ChClp-TSA (1:1)
ChOULA (1:1)
ChOVOA (1:1)
ChCI/OA (1:1)
ChVOA (1:1)
ChCVOA (1:1)

T(C)

120
120
100
100
100
100

T(min)

90
90
120
300
120
240

Yield (%)

85.4
51.4
52
55
60
72

References

Avora et al. (2021)
Avora et al. (2021)

Bodachivskyi et al. (2019)
Bodachivskyi et al. (2019)
Bodachivsky et al. (2019)
Bodachivskyi et al. (2019)
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Catalyst Substrate  Temp.(C)  Time(h)  BLyield Ref
(%)

TNTs-NHSOaH LA 120 6 98.9 This work

Meso-ZSM-5 LA 120 5 822 Morawala et al. (2019)
HaPW;50,0/A-MCM-41 LA 120 4 90.0 Najafi Chermahini and Nazeri, (2017)
Sulfonated glucose-derived amorphous carbon LA 100 4 905 Yang et al. (2018)

STUD. LA 120 4 905 Pachamuthu et al. (2019)
NER@3DOM/m-0S LA 40 12 746 Zhou S et al. (2018b)
TNTs-NHSOaH FA 120 8 904 This work

SMWP FA 120 5 906 Yang et al. (2020)

[MIMBS]s [AW,2040 ] FA 120 6 9 Hao et al. (2017)

UiO-66(Hf)-SOsH FA 120 4 72 Gupta and Kantam, (2019)
KCC-1/Pr-S05H FA 120 3 81.9 Mohammadbagheri and Najafi Chermahini, (2018)
GC-PTSA-AC FA 120 4 91.0 Yang et al. (2019)
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Catalyst Cu (%) Co (%) Ni (%) Al (%)

CuCoNiA-MMO 14.00 23.59 41.84 20.56
CuCoNiAI-MMO-3 16.16 18.93 49.40 16.50
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Catalyst BET surface area (m?/g) BUH surface area (m?/g) Pore volume (cm°/g) Pore diameter (A

CuCoNiAI-LDH 569.2 66.4 0.48 286.7
CuCoNiAI-MMO 148.6 168.2 0.83 197.1
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Catalyst Conversion (%) Selectivity (%)
DMF 5-MF 5-MFA

CoA-MMO 15.9 44.7 415 13.8
CoNiAl-MMO 31.4 84.5 1.6 39
CuCoA-MMO 39.5 81.6 139 4.5
CuCoNiAI-MMO 99.8 95.3 22 0.4

Reaction conditions: HMF (0.25 g), tetrahydrofuran (THF, 10 mi, catalyst (0.1g), T =
180°C, p(H- .0 MPa, 6 h.
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Entry Solid Density
acid catalyst of -SOH
(mmol/g)
1 AC-Ph-SO;H 0.64
2 MLC-S 091
3 CS-SAC 1.48
4 CS-SAC 085
5 AC108 093
6 Heterogeneous acid catalyst synthesized 147
from bamboo-AC
7 SOH-KSC =
8 Bamboo-SOaH =
9 HTC-S =
10 ASHC-SOM 14

Note: N represenis no regensration: Y represents regeneration.

Catalyst
amount
(wt%)

25

o

75

10
12

10

Acid

Palmitate
acid

Oleic acid
Oleic acid

Oleic acid

Oleic acid
Oleic acid

palm fatty
adid
palm fatty
adid
palm fatty
adid
Oleic acid

Time  Conv.

() inthe
first

Cycle

(%)

6 952
6 923
2% @3
2% 76
6 89
3 %
15 987
1 958
2 %
3 %4

Reaction
cycle

o

Conv.
in the
last
cycle
(%)
81.7/N

729N
56/N

8/

89N
28/N; 94/Y

B0/N
TN
82/N

55.1/N;
95.4/Y

Ref.

This study

Ma et al. (2020)
Bureros et al.
(2019)

Mendaros et al.
(2020)

Wang et al. (2014)
Niu et al. (2018)

Akinfalabi et al.
(2019)
Farabi et al. (2019)

lorahim et al.
(2020)
Cao et al. (2021)
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Samples

AC
AC-O0

AC-Ph
AC-Ph-SOaH

BET surface area (m?/g)

1,286
614
528
472

Pore volume (cm®/g)

0.77
0.38
0.31
0.30

Pore size (nm)

24
25
25
25
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Sample AC AC-0 AC-Ph AC-Ph-SO3H

e 1.029 1.266 1.191 1174
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Solvent Temp. (°C)

Non /
Cyclohexane 81
Ethanol 78
Water 100
Acetic acid 118

Note: Reaction conditions: 2 g AC-Ph-SOsH, was added into 20 mi solvents and

refluxed under refluxed temperature.

-SOsH
(mmol/g)
10h 20h
064 064
061 058
054 050
049 048
030 025

Lost (%)
10h 20h
/ /
47 9.4
156 219
23.4 25.0
53.1 609
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Strains
Rhodococeus opacus DSM 1069

Rhodococeus opacus

Rhodococcus opacus PDE30 and Ahodococcus
jostil RHAT VanA™

Rhodococeus pyridinivorans CCZU-B16
Rhodococcus opacus PDE30

Rhodococeus jostii RHAT

Rhodococcus opacus DSM 1069

Carbon source
Kraft ignin

Com stover

Com stover

Alkali lignin
Com stover

Benzoate (Lignin-degradation
products)

Pine organosolv pretreatment
effiuent

Innovative strategies

O,-pretreatment under alkaline
environment

Ammonia fiber expansion-pretreated

Co-fermentation of wild and
engineered bacteria

Screening of new strains
Multi-stage pretreatment method
ALK-AHP

Nitrogen-imiting condition

Organic solvent pretreatment

Yield
0.067 mg/mi
32mglL

0.39 g lipid/g COW

0.52 g lipid/g COW
1391

55% of COW

26.99 + 2.88%
of COW

References

Wei et al. (2015)
Wang Z. et al.
(2019)

He et al. 2017)

Chongetal. (2017)
Leetal. (2017)

Amara et . (2016)

Wells et al. (2015)
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FDCA Selectivity = +66.30907 + 0.17917=A + 0.19750+8 + 0.35750+=C. (8)
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Catalyst Gas Solvent MFA Conv. (%) DMF Select (%) DMTHF Select (%) Others Select (%)

2CuCo-IG H, 2-Butanol 725 56.7 109 0
2CuCo-IG Hy Methanol 60.4 6 0 539
2CuCo-IG Ny 2-Butanol 45.8 363 5.0 0
1CuCo-IG H, 2-Butanol 82.3 64.7 17.3 0

Reaction conditions: 0.2 g of MFA, 0.02 g of the catalyst, 140°C, 2 h, 2 MPa comasponding gas, 30 mi of the comasponding salvent, and an agitation spesd of 400 mm.
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Catalyst

2CuCo-IG
2CuCo-IG
2CuCo-IG
1CuCo-IG

Solvent

2-Butanol
Methanol

2-Butanol
2-Butanol

MF Conv.(%)

78.0
97.0
47.3
70.0

MFA Select.(%)

54.8
17.0
33.4
31.0

DMF Select.(%) Others Select.(%)
202 0
100 3656
85 0
336 0

Reaction conditions: 0.2 g of MF. 0.02 g of the catalyst, 140°C. 2 h, 2 MPa comesponding gas, 30 mi of the comesponding solvent, and an agitation spesd of 400 rom.
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