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Lignin, as the only most abundant aromatic source in nature, shows great potential to address environmental and energy problems. Hydrodeoxygenation (HDO), as a useful way of converting lignin and its derived compounds into value-added aromatic chemicals and fuels, is able to transform the vision “fueling the future” into reality, thus garnering considerable attention in the past decade. The purpose of this minireview is to specifically address the removal of phenolic hydroxyl groups and/or methoxy groups within lignin, mainly focusing on the core questions and challenges of catalytic systems. Our own insights into future studies and recommendations for future research in this promising field are also provided.
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INTRODUCTION

Research in catalytic conversion of biomass has intensified in recent years due to the reduction of non–renewable fossil resources and the pressing need for global warming mitigation (Shuo et al., 2018; Jing et al., 2019a; Sudarsanam et al., 2019; Mondelli et al., 2020). Among three constituents (cellulose, hemicellulose, and lignin) of lignocellulosic biomass, lignin, as the most abundant source of aromatics in nature, is an attractive frontier in biomass chemistry and have achieved encouraging progress (Shuai et al., 2016; Sun et al., 2018a; Zhang and Wang, 2020). The extended network of lignin is constructed from methoxylated phenylpropanoid subunits via intermolecular C–O and C–C bonds (Cai et al., 2019; Jing et al., 2020). However, the high content of oxygen in lignin makes it less attractive as a chemical material compared to petroleum; thus, the proper cleavage of C–O bonds is essential for lignin valorization (Zhang et al., 2017; Sun et al., 2018b; Kim et al., 2019). Indeed, the past decade has seen a rapid development of research on the hydrodeoxygenation (HDO) of lignin and its derived compounds (Sudarsanam et al., 2018; Duan et al., 2019; Kim et al., 2019). Nevertheless, the efficient and selective cleavage of C–O bonds in lignin is difficult due to the complexity and recalcitrance of lignin, so that advanced multifunctional catalysts, especially a combination of metal sites and acidic supports, is usually required to produce a desirable outcome (Jin et al., 2019; Song et al., 2019).

Among various intermolecular C–O bonds within lignin, the C–O bond energy in aryl ethers is strong, especially for that in phenol, making their cleavage very difficult (Shao et al., 2017). When aiming to the production of aromatic compounds, such as arenes and phenol, advanced catalysts capable of selectively cleaving the corresponding C–O bonds while preserving the aromatic rings are highly desirable. The selectivity of arenes and phenol is affected by various key factors, such as intrinsic oxophilicity, adsorption geometry, geometric effects, and electronic effects. Around these, this minireview specifically handles the removal of phenolic hydroxyl groups and/or methoxy groups within lignin (Figure 1). Our goal is not to provide a comprehensive overview of the cleavage of C–O bonds; rather, core questions and challenges related to this piece and requirements for future investigations are presented. Meanwhile, some personal perspectives and future directions are provided. At last, the emphasis is given to several large challenges within this promising field.
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FIGURE 1. Reaction network for the conversion of lignin and its derived compounds.




THE REMOVAL OF PHENOLIC HYDROXYL GROUPS TO ARENES

The removal of phenolic hydroxyl groups of lignin to arenes is extremely challenging due to the evident competition between the excessive hydrogenation of benzene rings and the cleavage of phenolic C–O bonds. From lignin model compounds to arenes, taking phenol as an example, three different reaction mechanisms were proposed, namely, the direct hydrogenolysis of phenolic hydroxyl groups, hydrogenation–dehydration–dehydrogenation route, and tautomerization–hydrogenation–dehydration route (Jin et al., 2019). Many studies have confirmed that the hydrogenolysis ability of metal sites is a key factor for the removal of phenolic hydroxyl groups to arenes, and a proper hydrogenation activity is of importance to maximize the selectivity to arenes (Gazi, 2019). If too strong, it causes the saturation of the aromatic ring, but if too weak, oxygen cannot be completely removed. Around the hydrogenolysis ability, electronic, and geometric structures of catalysts for improving the selectivity to arenes were research hotspots. The particle size plays a key role, and it not only affects the activity of the C–O cleavage but also is able to determine the selectivity to aromatic compounds (Figure 2). For example, the small-sized Ru afforded higher selectivity to aromatic compounds due to the decreased barriers for the cleavage of both Caliphatic-O and Caromatic-O bonds compared to these Ru species with larger particle size (Dong et al., 2018). The co-adsorption of aromatic ring and H2 is recognized as the prerequisite to drive the hydrogenation of aromatic ring, and the limited surface area of small Ru species prevents the co-adsorption owing to the higher barrier for the adsorption of aromatic ring on small Ru species than that of flat surfaces (Nelson et al., 2015; Sanyal et al., 2019; Singh et al., 2020). Decreasing the Ni particle size was also proved to be favorable for the increase of defect sites, thus improving the reactivity of selective deoxygenation into toluene (Yang et al., 2018). Generally, the particle size is positively associated with coordination numbers (C.N.), and establishing size selectivity or C.N. selectivity relationship could have the great potential to inspire catalyst design toward the C–O cleavage of lignin and its derived compounds. Besides the particle size, the selectivity of hydrogenolysis also depends on the surface adsorption geometry. For example, the bonding of anisole on Pt (111) with a flat orientation facilitated the ring saturation, while after modifying Pt (111) with Zn, the adsorption of oxygen on Zn or adjacent Pt sites occurred with the ring tilted away, resulting in a distinct selectivity to aromatic compounds (Shi et al., 2016). Actually, there exist similarity and difference between adsorption geometry and geometry effects. For example, the small-sized particle with high dispersion of metal favors the selectivity of arenes, which belongs to the influence of the geometric effect. Its deeper reason is that the limited surface area of the small particle prevents the co-adsorption of aromatic ring and H2, which belongs to the influence of the adsorption geometry. Establishment of a clear relationship between adsorption geometry and geometry effects is highly desirable in future.
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FIGURE 2. Schematic overview of this minireview. (A) HDO mechanisms for anisole depending on Ru particle size. Reprinted from Phan et al. (2017) with permission from Elsevier (Copyright 2017). (B) Size dependence of vapor phase HDO of m-cresol on Ni/SiO2 catalysts. Reprinted from Yang et al. (2018), with permission from the American Chemical Society (Copyright 2018). (C) Calculated energies and views of the optimized structural models for phenol binding on catalyst surfaces. Reprinted from Shao et al. (2017), with permission from Springer–Nature (Copyright 2017). (D) Mechanism of the direct deoxygenation route of m-cresol on a schematic molybdenum oxide site species. Reprinted from Gonçalves et al. (2017), with permission from Elsevier (Copyright 2017).


In addition to the hydrogenation sites, supports containing oxophilic sites are of significant importance for the C–O cleavage (Figure 2). Oxophilicity describes the ability of abstracting O from oxygenated compounds, and the oxygen affinity to activate C–O bonds is an essential factor for high HDO efficiency. Oxophilic metal oxides with strong Lewis acidity including NbOx, MoOx, TiOx, ReOx, WOx, TaOx, and VOx have attracted intensive attention (Xia et al., 2016; Dong et al., 2019a; Liu S. et al., 2019). The activation step is generally accomplished via the formation of covalent bonds along with strong chemisorption. A compelling example is that the super-strong oxygen affinity of NbOx species contributed to a strong ability to activate oxygen within lignin, along with the Ru hydrogenation site, cooperatively resulting in excellent HDO performance (Shao et al., 2017). This unique oxygen affinity was also clear to see in other C–O bond cleavage, especially on the C–O bond cleavage of the tetrahydrofuran ring and the C=O bond activation to enolate intermediate (Jing et al., 2019b; Wang et al., 2020). Actually, these oxophilic metal oxides are all transition metal oxides, especially the group IV B, V B, VI B, and VII B elements. While several oxophilic species, such as NbOx, ReOx, and MoOx, have been identified and extensively studied, there is no consensus on the sequence or the origin of the oxophilic ability. These oxygen-rich phenolic compounds are rich in electron from the point view of electronic effect. Whether these oxophilic species are more electron–deficient than the others is still in question, and if yes, these oxophilic species may possess stronger Lewis acidity. However, previous studies have proved that the catalytic performance is not completely consistent with the sequence of Lewis acidity (Jing et al., 2019b). Lewis acidity was mainly measured by Py-FTIR spectra in the reported literature, so that Lewis acidity of these materials can be understood as its strong adsorption to pyridine, but not sure whether these materials can adsorb oxygenates in the same sequence. C–O bond elongation of adsorbed phenol was found to be associated positively with the increased oxophilicity: Ni < Fe ≈ Co ≈ Mn < Re < Mo ≈ Cr < W ≈ V ≈ Sc < Ti (Phan et al., 2017), which further confirms the significance of oxophilicity in the C–O cleavage. If a thorough understanding of the oxophilicity is garnered from theoretical and experimental analyses, catalyst design toward the HDO reaction will be improved to a new level in future. Besides, coordination states of metal oxides also have a strong influence and metal oxides with lower coordination numbers or more unsaturated surface groups were proven to be beneficial for the HDO reaction, accordingly giving additional guidance on how to design efficient catalysts (Xin et al., 2019a).

The surface reaction of the direct hydrogenolysis of phenolic hydroxyl groups goes to the adsorption of phenol, activation cleavage of the C–O bond, and desorption of benzene. The efficient catalyst should therefore enable strong adsorption to oxygen within phenol, strong activation to the C–O bond, and weak adsorption to benzene. Ru/Nb2O5 meets the three conditions well, especially the stronger activation to the C–O bond, affording the unique activity (Shao et al., 2017). Actually, strong adsorption–activation to the C–O bond requires that the catalyst has an excellent oxophilic property, where the catalyst prefers the bonding via the oxygen lone-pair electrons on the oxophilic site with the benzene ring tilted away from the surface, rather than the π-orbitals of the phenyl ring with the ring situated parallel. Indeed, there is a close relationship between the adsorption geometry and the oxophilic property, synergically determining the selectivity of products. Though it si hard to adjust the adsorption configuration by introducing oxophilic species into the catalyst, keeping the same adsorption configuration to compare the oxophilic property is still worth giving more attention toward catalyst design. A striking example is that, adsorption configuration being the same over Fe (110), Pt (111), and Ru (0001), the higher oxophilicity of Fe contributes to a lower activation barrier for the C–O cleavage than that of Pt and Ru, affording unique selectivity to arenes (Tan et al., 2017). Moreover, the first principle is capable of understanding the adsorption of the key species, here oxygen and aromatic ring, where the Fe surface presents a greater distortion of the C–O bonds while the Pd surface has a strong interaction with the aromatic ring, potentially guiding the catalyst design (Hensley et al., 2016). Along this line, developing the more oxophilic species with preferable adsorption geometry tends to be the great drive to produce arenes and vice versa for the production of ring-saturated products. It is worth noting that some advanced catalysts can work well in vapor-phase systems but lose their reactivity in liquid-phase systems (Li et al., 2017). The difference between both systems may originate from different surface adsorption configurations, even different surface reaction mechanisms. Further development will be encouraged to design active catalysts toward different reaction systems, whether liquid phase or vapor phase, and possibly assist reactor design.

Since lignin and its monomers are rich in functional groups, the cleavage of C–O bonds usually accompanied by several competition reactions, such as dehydrogenation of para-propyl hydroxyl group, dehydrogenative decarbonylation, intramolecular cyclization reaction, and C–C hydrogenolysis (Li H. et al., 2020). These competitive pathways highly depend on the types of metals, hydrogenation/hydrogenolysis ability, and acid properties of supports. For example, letting the intramolecular cyclization goes first before the cleavage of C–O bonds over the CH2Cl2-modified Ru/Nb2O5 catalyst could stand a chance for the production of indane and its derivates from lignin (Xin et al., 2019b). Again, through introducing FeOx species into the Ru/Nb2O5 catalyst, dehydrogenative decarbonylation competes favorably with the direct hydrogenolysis of terminal hydroxypropyl groups, achieving a unique selectivity to ethylbenzene (Li H. et al., 2020). The two recent examples prove that, indeed, manipulating the reaction pathways through the design of catalysts with well-defined tasks enables the production of novel chemicals. In this piece, despite these recent efforts, other state-of-the-art strategies for catalyst modification and novel reaction process for the production of new chemicals remain to be encouragingly explored.



SELECTIVE CLEAVAGE OF C–O BONDS INTO PHENOLICS

Although renewable biobased alkanes and arenes are attractive substitutes of petroleum-based transportation fuels, catalytic HDO of lignin to low-functionalized arenes, and alkanes lose the diversity of functional groups (Huang et al., 2018). Selective or partial cleavage of C–O bonds to high-functionalized chemicals has thus attracted great interest recently and is believed to be a dynamic research direction in future. For example, the production of phenol from lignin or lignin model compounds through selectively removing the methoxy groups and para-side-chain groups, but preserving the phenolic hydroxyl groups, has been intensively explored in the past 3 years (Figure 2) (Liao et al., 2020). Two common pathways, namely, direct demethoxylation and demethylation–dehydroxylation pathway, were accordingly proposed and greater interest focused on the demethoxylation mechanism. However, the final conclusion has not yet been reached on this question “how does structure and properties of catalysts affect the mechanism.” We believe that the well-performing experience of “from lignin to arenes” could help to answer this question, and the researchers are striving to lift the veil (Jin et al., 2019; Jing et al., 2020).

Supported gold catalysts showed excellent catalytic performance with high phenolic selectivity, and the particle size of Au markedly affects the catalytic activity (Mao et al., 2017). The catalyst with smaller Au particles contributed to a higher activity due to its larger interface area between small gold particles and the support than that of larger Au particles. Actually, the size effect of Au was well-established in some traditional catalytic systems, such as CO oxidation, and nanoparticles (> 2 nm), cluster (<2 nm), and single atoms showed different performance because of the significant difference of the coordination environment of Au on the interface (Ishida et al., 2019). Studies need to be done for the comprehensive understanding of Au size effect in the cleavage of the methoxy groups, for example to explore the surface adsorption geometry on the catalysts bearing different Au particle sizes. The electronic effect of Au also has a distinguished effect in the demethoxylation, and the electron-rich Au clusters give the remarkable selectivity to phenolics (Dong et al., 2019b).

Oxygen vacancy of support as the active site also plays a key role in the selective conversion of guaiacol into phenol. Silver initiated hydrogen spillover on anatase TiO2 to create more oxygen vacancy as active sites, meanwhile weaker hydrogenation activity of Ag favors the production of aromatic compounds, accordingly showing the excellent performance for the selective conversion of guaiacol into phenol (Liu K. et al., 2019). Indeed, not just in the cleavage of the methoxy groups, the formation of oxygen vacancy is of significant importance for C–O cleavage chemistry of biomass. The metal capable of motivating hydrogen spillover on the oxophilic support to create oxygen vacancy remains mostly unexplored. After achieving this, keeping oxygen vacancy abundant to obtain high activity of C-O cleavage, selecting the metal sites with different hydrogenation ability will yield different target products.

In addition, the support with higher cation electronegativity is believed to be responsible for the efficient cleavage of O–CH3 bonds (Zhang et al., 2018; Song et al., 2020). Mo-base catalysts (MoO3/SiO2, MoO3/CeO2, MoO3/Al2O3, MoO3/TiO2, and MoO3/AC) are also active catalytic systems for the demethoxylation and support with higher cation electronegativity; here MoO3/SiO2 is believed to be responsible for the cleavage of the O–CH3 bond. This electronegativity effect poses a question whether the cleavage of other C–O bonds follows the same activity–to–electronegativity relationship over those reported catalysts, and future research is strongly encouraged in this direction. Around this piece, Sels and coworkers (Liao et al., 2020) described an engineering-guided wood biorefinery strategy involving reductive catalytic fractionation, extraction of phenolic monomers, and catalytic funneling for low-carbon footprint chemical production. This integrated biorefinery achieves several value-added chemicals and their precursors including phenol, propylene, phenolic oligomers, and carbohydrate pulp, showing a great potential to make renewable and profitable chemicals from waste biomass. Until now, the researchers studied separately the effects of support (oxophilicity, oxygen vacancy, cation electronegativity, etc.), and a clear comparison of these key properties is highly desirable despite the great difficulty. However, before comparing a key property, excluding the influence of others has to be conducted for the establishment of a more convincing conclusion.

A key challenge is that transmethylation products can be unavoidably formed, resulting in a low selectivity to phenolics. Two remarkable strategies were proposed to overcome this challenge: one is that water was employed as a quenching agent to prevent the transmethylation reaction (Dong et al., 2019b); another is that the methoxy groups were reacted to generate value-added alkylbenzenes using benzene as the reaction medium and reactant (Huang et al., 2018). Any work along this line will motivate the development of utilization efficiency of carbon in lignin, and novel strategies of methoxy group conversion need to be explored. Unlike transportation fuels, the value of phenol and other-related chemicals highly depends on purity. A remaining open question for further consideration is thus how to obtain desired products in super purity.



PERSPECTIVE

Apart from the abovementioned removal of phenolic hydroxyl groups and/or methoxy groups, many efforts were also devoted to studying cleavage of other C–O/C–C bonds, such as β-O−4, 4–O−5, and β-5. Especially, the cleavage of β-O−4 linkage in lignin depolymerization has received great attention as it presents the largest number among native lignin (Van den Bosch et al., 2015; Ren et al., 2019). Although the cleavage of these C–O/C–C bonds is not mentioned here, thorough investigation is still needed in the future. Here, we propose some following directions where the cleavage of C–O/C–C bonds deserves further exploration. (1) Since most reported processes of C–O bond cleavage cause inevitably loss of atoms in biomass, establishment of atom–economical strategies is highly desirable in the future. For example, the transformation of methoxy groups into chemicals is attractive to maximize carbon utilization efficiency in lignin (Mei et al., 2017). Apart from chemical production, using the methoxy groups or hydroxy groups in lignin as hydrogen sources to realize self-supported HDO through a combination of reforming/hydrogen transfer and HDO is atom-economic and is worth considerable attention. (2) The solid–solid contact problem between solid catalysts and recalcitrant biomass-related feedstocks remains a long-term challenge. The recalcitrance and insolubility originate from the strong hydrogen bonding networks generated by hydroxyl groups within biomass. Therefore, breaking or tuning these hydrogen-bonding networks to increase its solubility through designing advanced ionic liquids and organic solvents is worth great attention. In addition, catalyst design and pretreatment method of feedstocks to promote the mass transfer still need further exploration and study. (3) Attention was mainly paid to the research on the structure–activity relationship of catalysts and reaction mechanism; however, exploration on the influence of water received less attention. Water, as a green solvent, was found to be active to co-catalyze the cleavage of the C–O bond within phenol (Nelson et al., 2015). Water adsorbed on hydroxylated or partially reduced TiO2 species is able to accept and/or donate protons through the Ru/TiO2 interface to reduce the barrier for the removal of the phenolic OH group. Since the HDO process can produce water, thus further developments of co-catalytic roles bonding with other catalytic systems for the HDO of lignin are strongly encouraged. (4) Inherently abundant functional groups within lignin endow great opportunities to serve as potential substrates for the production of new value-added chemicals and biologically active molecules. Manipulating the reaction pathways through design advanced catalysts and benign solvents has significant potential to achieve this target (Elangovan et al., 2019; Xin et al., 2019b; Li L. et al., 2020). For example, employing CH2Cl2 to weaken the hydrogenolysis ability of metal Ru, the generated strong interaction between both species favors the intramolecular cyclization reaction, rather than the competitive hydrogenolysis, giving a high selectivity of indane and its derivatives (Xin et al., 2019b). Making renewable chemicals and biologically active compounds along this line will increase the attraction of lignin valorization.
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