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Abstract: The hydrodeoxygenation (HDO) reaction provides a promising catalytic 

strategy to remove oxygen in biomass-derived bio-oil to produce renewable 

transportation fuels and value-added chemicals. The development of highly efficient 

and stable HDO catalysts plays an essential role in biomass valorization. Metal-zeolite 

bifunctional catalysts have been well-developed as the effective HDO catalysts in 

upgrading lignin-derived phenolics due to their excellent activity, selectivity, and 

thermal and hydrothermal stability. However, clarifying the roles of the active sites 

and their synergistic effect, and establishing effective structure-performance 

relationships in the HDO process still face challenges. In this review, we first survey 

the conventional catalysts applied in the HDO of bio-oil, followed by thoroughly 

discussing the roles of metal centers, acid sites, supports, and their impacts on the 

HDO process of phenolic model compounds or bio-oil. Finally, a discussion on the 

stability and deactivation of metal-zeolite catalysts, especially in the aqueous-phase 

HDO reaction, is provided. This critical review offers new insights into the 

development of state-of-the-art metal-zeolite bifunctional catalysts with well-defined 

porosity and metal-acid properties for viable biomass valorization. 

 

Keywords: Biomass; Hydrodeoxygenation; Bifunctional catalyst; Zeolites; Catalyst 

rational design 
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1. Introduction 

The increasing concern about climate change forces us to pursue a sustainable 

carbonaceous resource instead of fossil resources to produce fuels, chemicals and 

functional materials. The use of biomass, the abundant and only renewable organic 

carbon resource on Earth, is regarded as an effective route to produce those fossil- 

derived energy and materials in the context of carbon neutrality without hazardous 

environmental effects.
[1-2]

 Among the various biomass, lignocellulose, commonly 

found in grass, wood, straw and their solid wastes, represents more than 90% of all 

plant biomass. Consequently, the value-added use of lignocellulose has attracted much 

attention in the past decades.
[3]

 

Lignocellulose is composed of cellulose, hemicellulose and lignin (Figure 1). As 

the most abundant component in lignocellulosic biomass, cellulose is a linear polymer 

with glucose units linked via β-1-4 glycosidic bonds.
[4-5]

 Unlike cellulose, 

hemicellulose is an amorphous branched polymer consisting of five- and six-carbon 

polysaccharide units.
[6-7]

 Lignin is another amorphous polymer consisting of three 

major phenylpropane units/hydroxyl cinnamyl alcohols such as p-hydroxyphenyl (H), 

guaiacyl (G) and syringal units (S) bonded through β-O-4, α-O-4, 5-5, β-5, and other 

linkages.
[8-9]

 The proportion of three components in lignocellulose depends on the 

feedstock and are approximately cellulose (40-45 wt%), hemicellulose (25-35 wt%), 

and lignin (20-30 wt%). In general, biomass refinery using lignocellulose as feedstock 

can be proceeded through thermal, biological, chemical, or mechanical processes, 

which have been developed over the last several decades.
 [10-11]

 Due to their relatively 

simple structures, cellulose and hemicellulose have been maturely applied to produce 

sugars, ethanol, and other biofuels via hydrolysis or the cascade catalysis processes. 

Unlike the carbohydrate part of lignocellulose, lignin is often considered as a 

low-value residue, traditionally either released as waste or burnt to generate heat and 

sometimes power. Therefore, how to transform lignin, the largest renewable source of 

aromatic building blocks in nature, into more diverse and valuable products 

determines the profitability and sustainability of current biorefineries with the 
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utilization of whole biomass.
[12]

 

Thermochemical/thermocatalytical transformation of lignocellulosic biomass 

generally involves gasification, pyrolysis, and hydrothermal liquefaction. Among 

those techniques, fast pyrolysis represents an industrially attractive and efficient 

technology for the conversion of lignocellulose into bio-oil, which is a complex 

mixture of hundreds of different organic compounds, including phenolics, alkanes, 

furans, ethers, carboxylic acids, aldehydes, ketones, etc. (Figure 1).
[13-16]

 The quantity 

and quality of the bio-oil depend on the chemical composition of biomass, 

thermochemical conversion approach, and the operating conditions. However, the 

obtained primary bio-oil cannot be directly used as a transportation fuel because of its 

deleterious properties such as low calorific value, low stability, high polarity, 

easy-to-coke, and causticity towards equipment. All those shortages of bio-oil are 

attributed to its high oxygen content. Therefore, reducing oxygenated compounds in 

crude bio-oil is the key to bio-oil upgrading. 

 

 
Figure 1. Three major components in lignocellulose and their structural units, as well as the 

compounds present in pyrolysis bio-oil from lignocellulosic biomass. 

 

Taking the lignin-derived phenolic bio-oil for example, hydrotreatment, cracking, 

steam reforming, etc., have been recognized as effective approaches decreasing the 

oxygen content.
[17-18]

 Among them, hydrodeoxygenation (HDO) is able to enhance the 

calorific value by increasing H/O ratios in organic compounds, offering a promising 
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pathway to upgrade phenolic oil to fuels and value-added chemicals. In general, the 

catalytic HDO of phenolics involves a range of reactions including hydrogenation, 

hydrogenolysis, dehydration, isomerization and alkylation. From a mechanistic point 

of view, there are two main reaction pathways for catalytic HDO of phenolics, i.e., 

hydrogenation-deoxygenation (HYD) and direct deoxygenation (DDO). In the HYD 

process, the hydrogenation of aromatic ring in phenolics first occurs, followed by the 

elimination of Calkyl-OH via dehydration without any carbon loss.
[19-20] 

In DDO, the 

oxygen in the form of Caryl-OH or Caryl-OCH3 group attached to the aromatic ring can 

be directly removed by C-O bond scission via hydrogenolysis.
[21]

 The HYD/DDO 

ratio determines the distribution of overall products, which relies largely on the 

catalyst employed, reaction conditions and feedstock composition.
[22-24] 

 

Bifunctional catalysts containing a combination of acidity (active for elimination 

and alkylation) and a metal phase (active for hydrogenation and hydrogenolysis) 

appear to be the most beneficial for the HDO of phenolics, and have received much 

attention in recent years.
[25-26]

 Scheme 1 depicts the possible HDO reaction pathways 

of guaiacol, a representative phenolic compound derived from lignin, over metal-acid 

bifunctional catalysts.
[27]

 The oxygen removal of guaiacol over metal active sites 

primarily proceeds through the hydrogenolysis and hydrogenation steps. In the 

presence of acid sites, acid-catalyzed dehydration of alcohols (Calkyl-OH bond scission) 

and alkylation reactions (including C-C and C-O bond formation) occur, resulting in a 

complex reaction network. Owing to the diversity of reactions and complex 

components in lignin-derived phenolics, catalytic roles of bifunctions and their 

synergistic effect during the HDO still require in-depth research before they are still 

not completely understood. In this contribution, we review the upgrading of bio-oil 

via the HDO process, focusing on bifunctional metal-acid catalysts. The nature and 

structure of catalytic active sites, the properties of support, and the relationship 

between catalyst and HDO performance (activity, selectivity and stability) will be 

discussed. This review aims to provide a guidance for the rational design of new or 

better catalysts for the bifunctionally catalyzed HDO of lignin-derived phenolic 

bio-oil. 
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Scheme 1. Proposed reaction pathways for the HDO of guaiacol over a metal-acid 

bi-functional catalyst. Reproduced from ref. [27]. Copyright (2022), with permission from American 

Chemical Society. 

 

2. Metal-acid bifunctional catalysts in upgrading of phenolics  

    Heterogeneous catalysts have received considerable attention for the catalytic 

conversion of biomass-derived oxygenates into renewable fuels and chemicals due to 

their better recyclability and environmental-friendly features. HDO reaction is usually 

conducted in the presence of catalysts and high-pressure H2 atmosphere at high 

temperature (150-400 ℃), closely resembling the petroleum upgrading process.
[28]

 

Inspired by the formulation of hydrodesulfurization catalysts used in petrochemical 

industry, sulfurized CoMo/Al2O3 or NiMo/Al2O3 catalysts have been extensively 

studied.
[29-30]

 Although sulfurized catalysts show high deoxygenation activity, the 

addition of sulfurization agents during the reactions to regenerate the 

sulfur-containing active phase inevitably leads to product contamination with sulfur. 

In this instance, non-sulfide catalysts, such as phosphide catalysts,
[31]

 carbide and 

nitride catalysts,
[32]

 noble/non-noble metal and their supported catalysts
[33-36]

 have 

been developed for HDO of phenolic compounds. Phosphide catalysts exhibit better 
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catalytic activity than traditional sulfide catalysts in HDO reaction, especially Ni2P 

catalysts.
[37-38]

 The good performance of Ni2P is attributed to its higher d-electron 

density and a combination of structural and electronic influences of phosphorus atoms 

on the transition metal sites, which favors the adsorption of oxygenated compounds 

and C-O bond cleavage.
 
However, this kind of catalyst still needs to be further 

improved due to its poor stability in the presence of water at high temperatures. 

Carbide and nitride catalysts (e.g., Mo2C, Mo2N) which are known as “quasi noble 

metal catalysts” also show high activity in phenolic HDO reactions similar to the 

conventional metal sulfide and noble metal catalysts.
[39]

 Nevertheless, carbides and 

nitrides are prone to oxidation, leading to a decline in HDO reactivity and changed 

product selectivity associated with the enhanced acidity by oxygen passivation. 

Therefore, further research is needed to improve the stability and selectivity of these 

catalysts, paving the way for their applications in bio-oil upgrading. 

As a main component of heterogeneous catalysts, the support plays important 

roles, such as improving the metal dispersion, enhancing the catalyst stability against 

metal aggregation and leaching, offering the second functionality of acidity or basicity, 

etc. Many kinds of supports, including alumina, silica, active carbon, TiO2, ZrO2 and 

zeolite, have been used for HDO reactions.
[40-45]

 Zeolites with high-surface area, 

unique shape selectivity, adjustable acidity and robust thermal/hydrothermal stability 

have been widely used as catalysts and acidic supports for petroleum refining and 

bio-oil upgrading.
[46-49]

 As a bifunctional catalyst, metal supported over acidic zeolites 

is easier to realize the HDO of phenolics toward target hydrocarbons via a 

hydrogenation-dehydration-hydrogenation route in a cascade mode.
[50-51]

 For example, 

in the HDO of guaiacol, Pt/Al-MCM-48 with a high quantity of acid sites showed a 

relatively high guaiacol conversion, whereas Pt/Si-MCM-48 with no acid sites led to a 

negligible guaiacol conversion.
[52]

 Similar results in the HDO of anisole showed that 

Pt/Al2O3 could give 100% conversion of m-cresol with a high selectivity to 

methylcyclohexanol at 150 °C under 2 MPa of H2, while Pt/HBEA (Pt supported on 

H-type Beta zeolite) could reach complete conversion of m-cresol to 99% 

methylcyclohexane under the same reaction conditions.
[53]

 Other studies also confirm 
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that the metal phase in metal-acid bifunctional catalysts could activate C=C and C=O 

bonds towards hydrogenation, and the acid phase could promote dehydration, 

hydrocracking and isomerization, collaboratively resulting in the complete 

deoxygenation of refractory phenolic derivatives.
[54-56]

 Even though the acidic 

zeolite-supported metal catalysts show remarkable activity in HDO of phenolic 

compounds and have received much attention, clarifying the role of different active 

sites and their cooperative effects during the reactions is still challenging with regard 

to the rational design of high-efficiency HDO catalysts.  

 

2.1 The role of metal active sites 

Metal-acid-catalyzed HDO of phenolics usually involves a combination of 

diversity reactions, such as hydrogenation, hydrogenolysis, decarbonylation, 

dehydration, alkylation, etc., often resulting in a wide range of product distribution. 

Thus, it is necessary to develop a proper catalyst with optimized selectivity in target 

products. In general, hydrogenation is much easier to occur over metals because of its 

low activation barriers.
[57-59]

 In contrast, deoxygenation appears relatively hard to 

occur due to high energy requirement for C-O bond cleavage, which is also regarded 

as the rate-determining step in HDO reactions.
[60]

 When acidic zeolite is applied as a 

support, the specific pore architectures of zeolites can facilitate steric adsorption and 

selective transformation of molecules, thereby delivering unique shape selectivity for 

the target product. Meanwhile, the synergistic effects of bifunctionalities, particularly 

within the confinement microenvironment, could significantly enhance the HDO 

performance, improve the catalyst stability, and even open new reaction pathways.
[27, 

54-56]
  

Noble metal-based catalysts (e.g., Pd, Pt, Ru, Rh) are usually used in HDO of 

phenolic compounds due to their strong capability to activate hydrogen and conduct 

hydrogenation reactions under relatively mild conditions.
[61-63]

 When supported on 

HBEA zeolites with comparable metal loading, the HDO activity of lignin-derived 

phenolics followed the order of Rh/HBEA > Ru/HBEA > Pt/HBEA > Pd/H-BEA. 

Meanwhile, for selectivity towards the desired product (cyclohexanol), the order was 
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observed as Ru/HBEA > Pt/HBEA > Rh/HBEA > Pd/H-BEA.
[64]

 As substitutes for 

noble metal catalysts, non-noble metal catalysts including Ni, Fe, Cu, etc., have 

received significant attention in the hydrogenation or deoxygenation of phenolic 

compounds.
[65-67]

 According to the first-principle density functional theory (DFT) 

calculations, Co, Mo, Ni, and Cu showed higher adsorption energies of anisole than 

other metals such as Mn, Fe, Zn, Ru, Rh, Pd, and Pt, implying the strong binding 

between anisole and the surface of those non-noble metal species, which was of 

importance to determine their catalytic activity.
[66]

 In the HDO of m-cresol, the 

hydrogenation of the carbonyl group was found to follow the order of Pd > Ni > Ru > 

Cu under reaction conditions of atmospheric H2 pressure and temperature of 350 °C, 

leading to the formation of toluene as the major product.
[67]

 Although many supported 

noble and non-noble metal catalysts have been investigated for HDO of phenolics, it 

is still very hard to directly compare the variety of different catalysts tested under 

varying reaction conditions.  

Figure 2a summarizes the selectivity of deoxygenated products when feeding 

vapor-phase aromatic oxygenates such as cresol or guaiacol.
[54]

 The reaction pathway 

of HDO that occurs over a given transition metal depends on how strongly it binds 

oxygen. Metals like Pt and Pd can form relatively weak metal-oxygen bonds, and the 

decarbonylation via C-C scission is often a dominant pathway for oxygen removal. 

While on Fe and Ni, C-O bond scission is often favored because of the formation of 

stronger metal-oxygen bonds. This suggests that deoxygenation of phenolic bio-oil 

may be best accomplished using a bifunctional catalyst that combines hydrogenation 

sites with sites that form strong metal-oxygen bonds. 

In addition to the type of metals, the loading, particle size and dispersion of the 

metal species are crucial factors influencing their catalytic activity and the selectivity 

of final products. For example, Ni2P supported over a hierarchical ZSM-5 zeolites 

(Ni2P/h-ZSM-5) catalysts with Ni loadings of 2.5-10 wt% were prepared and tested 

for the HDO of m-cresol.
[68]

 The dispersion of Ni2P was inversely proportional to Ni 

loading, and exhibited structure-sensitivity with small particles (< 7 nm) offering 

higher turnover frequencies (TOFs) (Figure 2b). In general, the particle size of the 
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metal determines its surface structures, i.e., concentrations of terrace, step, corner, and 

kink sites. These sites may show different activities due to their different abilities in 

molecule adsorption and bond formation/breaking resulting from their variable local 

environment.
[69-70]

 Mortensen et al. investigated the influence of nickel particle size 

(5-22 nm) for the liquid-phase HDO of phenol over Ni/SiO2 catalysts and observed a 

strong particle size effect on hydrogenation and deoxygenation reactions (Figure 

2c).
[71]

 In detail, they found that the hydrogenation rate increased with increasing Ni 

particle size while the opposite trend was observed for the deoxygenation step. In the 

vapor-phase HDO of m-cresol, Zhu and coworkers demonstrated that surface Ni 

atoms on smaller particles were more active than those in larger ones. The smaller 

particles with more defect sites (step and corner) favored deoxygenation and 

hydrogenation while larger particles with more terrace sites favored C-C 

hydrogenolysis.
[72]

 

Although non-noble metal catalysts have low prices, they usually require 

relatively high loadings to achieve the desired activity compared to the noble metal 

catalysts. The use of them as a second metal to form bimetallic catalysts with other 

metals is one of the effective approaches to strengthen their HDO activity.
[73-74]

 For 

example, RuCo bimetallic catalyst presented a strong interaction between two metals, 

which led to higher adsorption of hydrogen and substrate onto the catalyst and, 

thereby, an improved HDO performance of guaiacol with a high yield of hydrocarbon 

products.
[75]

 A similar study reported that introducing Fe into Pd could result in the 

modification of the electronic properties of Pd by electron transfer from Fe to Pd, 

leading to an enhanced catalytic activity.
[76]

 Bimetallic MoW carbide catalysts 

exhibited a much higher density of H2-activating sites than those monometallic 

catalysts, giving high activity and a completely deoxygenated product with selectivity 

of 92 mol% in the HDO of guaiacol.
[77]

 In Fe-Ni/HZSM-5 catalyst, the addition of Fe 

not only increased the dispersion of NiO, but also enhanced the adsorption of 

hydrogen and promoted C=O hydrogenation in Ni-Fe bimetallic catalysts, which 

jointly resulted in the improved HDO performance of pine sawdust bio-oil.
[78]

  

To demonstrate the deoxygenation efficiency and understand the fundamental 
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effect of the second metal on bimetallic catalysts, two series of bimetallic catalysts 

Ni-Cu/HZSM-5 and Ni-Co/HZSM-5 were tested in the HDO of phenol.
[79]

 As shown 

in Figure 2d, the modification of Ni/HZSM-5 catalysts with Cu significantly 

deteriorated the catalytic performance. In contrast, an admixture of Co increased the 

activity and selectivity toward the target hydrocarbons of benzene and cyclohexane. 

In Ni-Co/HZSM-5 catalysts, cobalt could increase nickel dispersion and reduce 

particle size, giving 99 % hydrocarbon selectivity at complete phenol conversion and 

a significantly reduced coke deposition. 

 

 

Figure 2. (a) Selectivity to deoxygenated products from feeding aromatic oxygenates (cresol or 

guaiacol) over Pt (diamonds), Ru (crosses), Fe (squares), Pd (triangles), and Ni (circles) catalysts. 

Reproduced from ref. [54]. Copyright (2016), with permission from American Chemical Society. (b) 

Correlation between turnover frequency for HDO of m-cresol and active phase dispersion of 

Ni2P/h-ZSM-5 catalysts. Reproduced from ref. [68]. Copyright (2018), with permission from Elsevier. 

(c) Turnover frequency for hydrogenation (TOFHyd) and deoxygenation (TOFDeox) over Ni/SiO2 

catalysts as a function of metal dispersion, and the fraction of sites as a function of dispersion. 

Reproduced from ref. [71]. Copyright (2016), with permission from Elsevier. (d) The catalytic activity, 

product distribution, and coke deposition of monometallic and bimetallic catalysts in the HDO of 

phenol. Reproduced from ref. [79]. Copyright (2014), with permission from Wiley-VCH. 

 

As suggested above, a bifunctional catalyst that combines hydrogenation sites 

with sites that can form strong metal-oxygen bonds would be helpful to the 
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deoxygenation of phenolic compounds. Oxophilic metals, such as Cu, Fe, Zn, and Co, 

favor the adsorption of O atom and facilitate the C-O and C=O bonds cleavage, thus 

enabling the deoxygenation activity.
 [73, 80-81]

 That means those oxophilic metals could 

be used as the second metal added to the noble metal-based catalyst. The noble metals 

can active hydrogen, and the oxophilic metals can strongly bind the reactant to the 

surface through the M-O bond, resulting in an easier C-O scission and potentially 

creating new reaction pathways which are unavailable on a monometallic catalyst.  

 

2.2 The role of support  

Supports are typically used for loading and dispersing active components, and 

play an important role in the adsorption and activation of reaction substrates. 

Moreover, supports with specific acidity are beneficial for oxygen removal via 

elimination steps during HDO of phenolic compounds. Therefore, the specific surface 

area, pore structure, and acid-base properties of the support, as well as the interaction 

between the support and metal components, are important for the dispersion, particle 

size distribution, and electronic structure of metal active components, and thereby 

affect the catalytic performance of the catalyst.  

The characteristic high surface area of zeolites allows them to host metal species 

with good dispersion and form highly active bifunctional catalysts. The introduction 

of mesopores affected Ni dispersion and particle size, which subsequently determined 

the effectiveness of the catalyst.
[82]

 Self-pillared nanosheet ZSM-5 with highly 

exposed surface areas could improve the dispersion of Pt-Ni alloy on its surface by 

establishing strong metal-support interaction, promoting the adsorption and spillover 

of hydrogen, and thus giving an enhanced HDO activity of phenolics (Figure 3a).
[83]

 

Besides, it was found that the Rh dispersion increased with increasing Sext/SBET ratio 

of the support.
[84]

 Moreover, the supports could affect the chemical states of metal 

species. For example, Ni3P, Ni12P5, and Ni2P were the major crystal phases when SiO2 

and HZSM-5 were used as support, while nickel metal rather than nickel phosphides 

was generated on Al2O3.
[85]

 This was probably due to the interaction of Al2O3 with 

phosphorous species during high-temperature calcination. Among three catalysts, 
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Ni3P/HZSM-5, a bifunctional catalyst with hydrogenation and acid sites, showed the 

highest HDO activity of phenol (Figure 3b).  

For a specific reaction, the reactants first adsorb on the catalysts’ surface and the 

reactants’ adsorption mode could largely determine their reaction pathways. Two 

major adsorption modes of phenolic compounds have been reported on the surface of 

the catalyst, i.e., coordination adsorption and coplanar adsorption, which would affect 

the reaction pathway of HDO. In detail, coordination adsorption favors the DDO 

reaction of phenolics, while coplanar adsorption favors the HYD reaction.
[19]

 Sievers 

et al. found that the yield of deoxygenation product over Pt/HBEA was in the order of 

anisole > m-cresol > guaiacol.
[86]

 The reactivity difference of the three molecules was 

caused by their different adsorption manner, where the type and position of functional 

groups play an important role. Anisole and m-cresol can form phenate and cresolate 

surface species after adsorbing on the Lewis acid sites of HBEA. In contrast, guaiacol 

can adsorb more strongly by forming bidentate catecholate or methoxy phenate 

species, which might hamper its mass transport during reactions.  

In HDO of phenol, Cao et al. proposed a new methodology to facilitate benzene 

formation rather than hydrogenation of phenyl with minimized H2 consumption by 

hindering the adsorption of phenyl.
[87]

 At elevated temperature, hydrogenation of 

phenyl was dramatically inhibited via decreased adsorption of benzene ring than that 

of hydroxyl, thus favoring hydrogenolysis over hydrogenation reaction in parallel 

mode. Zhu et al. also reported that the direct deoxygenation of phenolics to aromatics 

dominated the HDO path at ambient H2 pressure and higher temperatures over 

Pt/HBEA catalysts.
[88-90]

 The aromatics may be produced from the fast 

dehydrogenation of cyclohexenes, which is thermodynamically favored at high 

temperatures. Similarly, Minoru et al. modified the surface of the Pt/HZSM-5 catalyst 

by using ionic liquids to increase the selectivity to aromatics in the HDO of phenolics 

at atmospheric pressure of H2.
[91]

 Unmodified Pt/HZSM-5 converted phenolics into 

aliphatic species as the major products. In contrast, arenes’ selectivity over the 

modified catalyst could reach up to 76% (Figure 3c). The ionic liquids may offer the 

adsorption of phenols in an edge-to-face manner onto the surface, thus accelerating 
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the HDO without ring hydrogenation. Therefore, the reaction activity and products 

distribution could be tailored by controlling the adsorption mode of oxygenated 

compounds in the HDO process.  

 

 

Figure 3. (a) HAADF-STEM images of Pt-Ni/SP (Pt-Ni supported over self-pillared nanosheet ZSM-5 

zeolite) and Pt-Ni/CZ (Pt-Ni supported over commercial microporous ZSM-5 zeolite), and the relation 

between H species (adsorption and spillover) and TOF values on two catalysts. Reproduced from ref. 

[83]. Copyright (2022), with permission from Elsevier. (b) Phenol conversion and HDO conversion 

over three Ni-P catalysts with different supports in the aqueous phase. Reproduced from ref. [85]. 

Copyright (2019), with permission from Elsevier. (c) Presumed adsorption modes of phenols onto a 

metal surface forming: (i) aliphatics and (ii) arenes, and (iii) schematic images for the surface structure 

of ionic liquids modified Pt/HZSM-5 (IL/Pt/H-ZSM-5) in the HDO of phenols. Reproduced from ref. 

[91]. Copyright (2019), with permission from Wiley-VCH. (d) The impact of support on the HDO of 

m-cresol: (i) conversion of m-cresol, (ii) selectivity of methylcyclohexane. Reproduced from ref. [95]. 

Copyright (2020), with permission from Elsevier. 

 

Supports with certain acidity are beneficial for the HDO activity of the catalyst. 

The type, concentration, and strength of acid sites, are closely related to the activity of 

the catalyst.
[92-93]

 Solid acids such as Al2O3 and zeolites are the commonly used acidic 

supports in deoxygenation catalysts since many studies have shown their superiority 

in catalyzing oxygen removal from biomass pyrolysis oil.
[94-96]

 To investigate the 

support effects in HDO reaction, Ru supported on various acidic solids including 

ZSM-5, Mordenite, Beta zeolite, Y zeolite, TiO2, ZrO2, and COK12 were tested for 
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HDO of m-cresol to methylcyclohexane.
[95]

 All catalysts showed 100% conversion 

except Ru/Y (72%) due to the high concentration of acid sites on Y zeolite which 

would cause coke formation and rapidly deactivation of the catalyst. The selectivity of 

methylcyclohexane followed the order of Ru/ZSM-5 > Ru/Mordenite > Ru/Beta > 

Ru/Y. The results revealed that the product selectivity was determined by both acidity 

and pore structure of the support (Figure 3d). Similarly, Ga-supported catalysts were 

tested for HDO of m-cresol, and the toluene yield followed the order of Ga/SiO2 < 

Ga/HZSM-5 < Ga/HBEA.
[49]

 The Ga/HBEA was the most active catalyst, although its 

acidity was weaker than that of Ga/HZSM-5. The higher activity of Ga/HBEA was 

attributed to the less restrictions of m-cresol diffusion within the larger pores of BEA 

zeolite. Besides the acidity, the support pore size significantly affects the 

deoxygenation of biomass-derived bulky molecules.  

 

2.2.1 The acidity of support  

In the HDO of phenolics, support with certain acidity can promote the 

dehydration of alcohol intermediates produced by the ring hydrogenation. Too weak 

acid sites might be unable to attract oxygen from the oxygenated compounds. At the 

same time, very strong acidity tends to cause severe cracking or an alkylation reaction, 

leading to coke deposition and deactivation of catalysts. For instance, γ-Al2O3 is 

usually used as the support of HDO catalysts at an early study stage.
[40, 97]

 However, 

too strong Lewis acidity makes it prone to form carbon deposition on its surface. 

Additionally, γ-Al2O3 can be easily converted into AlOOH under hydrothermal 

conditions, resulting in poor stability with structural collapse and deactivation.
[98] 

In 

comparison, supports with less acidity or basicity (SiO2 or MgO) show their 

advantages in deferring the coke formation in HDO reactions.
[99-100]

 

Brønsted and Lewis acid sites usually play different roles in upgrading bio-oil. In 

the HDO of guaiacol, the presence of Brønsted acid sites provided by zeolites can 

effectively facilitate the conversion of 2-methoxycyclohexanol to cyclohexane. 

Conversely, catalysts such as Ru/Al2O3 and Ru/SiO2, which solely possess weak 

Lewis acidity without any Brønsted acid functionality, showed limited deoxygenation 
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activity.
[101]

 In the HDO of p-cresol, it was also concluded that Brønsted acid sites can 

serve as adsorption sites for oxygen atoms from p-cresol and supply protons to the 

hydroxyl group of p-cresol, thereby weakening Caryl-OH bonds and significantly 

enhancing the HDO activity. In contrast, Lewis acidic support such as Al2O3 and other 

metal oxides exhibited negligible promotion effect.
[102]

 Nevertheless, the additional 

Lewis acid sites may facilitate the catalytic reaction by binding the oxygenated 

substrates and subsequently cleaving the C-O linkages.
[103]

  

The rates of the sequential reactions involved in HDO of phenol were compared 

over Ni-supported HZSM-5 and Al2O3-HZSM-5 catalysts. Ni/Al2O3-HZSM-5 showed 

up to five times higher catalytic activity for phenol hydrogenation than Ni/HZSM-5 

and delivered higher rates for overall phenol HDO, which was attributed to the Lewis 

acidity introduced by Al2O3 binder that could stabilize a ketone intermediate and 

inhibited its hydrogenation.
[104]

 Similarly, the mixed catalysts Ni/Al-HZSM-5 

exhibited the maximum phenol conversion of 99.6% with the highest cyclohexane 

selectivity of 98.3%, which can be partially attributed the stronger acid sites and 

synergistic effect of Brønsted and Lewis acidities (Figure 4a).
[105]

 Besides, Ni2P 

loaded catalysts showed good HDO activity, since the incorporation of Ni2P led to an 

increase in the overall acidity, including both new Lewis (Ni
δ+

 species) and Brønsted 

acid sites (P-OH groups).
[106-107]

 The respective roles of Brønsted acid sites and Lewis 

acid sites on supports were also investigated by employing Ni-supported NaZSM-5, 

HZSM-5 and Silicalite-1 catalysts. As shown in Figure 4b, except for hydrogenolysis 

occurred over Ni, the removal of methoxy functional group from 

2-methoxy-4-propylcyclohexanol could be catalyzed by Brønsted acid sites. In 

addition, Brønsted acid sites showed superior activity over Lewis acid sites in the 

dehydration of 4-propyl-cyclohexanol.
[108]
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Figure 4. (a) HDO of phenol over Ni supported on HZSM-5, γ-Al2O3, mesoporous HZSM-5 

(HMZSM-5), and the HMZSM-5 zeolite mixed with a 25 wt% fraction of γ-Al2O3 (Al-HMZSM-5). 

Reproduced from ref. [105]. Copyright (2017), with permission from Springer.
 
(b) Reaction pathways 

of HDO of eugenol on Ni/HZSM-5 catalyst. Reproduced from ref. [108]. Copyright (2017), with 

permission from Elsevier. 

 

Regulating the density of Brønsted and Lewis acid sites to optimal values is 

highly necessary for the HDO catalyst preparation. In HDO of guaiacol, the yield of 

complete deoxygenated compounds versus the surface density of acid sites over three 

2D zeolite catalysts are represented in Figure 5a.
[106]

 Ni2P deposition modified the 

acidic properties of zeolites due to the generation of new acid sites attributed to both 

Ni
δ+

 species (Lewis acid sites) and residual P-OH moieties (weak Brønsted acid sites). 

The optimal acidic properties provided by nickel phosphide enhanced the HDO of 

guaiacol. Li et al. addressed that the ratios of Brønsted acid site to Lewis acid site in 

catalysts had important impacts on the reaction pathway of HDO of eugenol.
[109]

 

Martin et al. also found that Lewis/Brønsted sites ratio affected the product selectivity 

and reaction mechanism of HDO of anisole over Ni and Mo nanoparticles supported 

over SAPO-11, SBA-15 and γ-Al2O3 catalysts (Figure 5b).
[110]

 Chen and co-workers 

revealed that HZSM-5 support with decreasing Si/Al ratio exhibited higher selectivity 

to cyclohexane, originating from the more efficient dehydration of cyclohexanol.
[63]
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addition, Ni@ZSM-5-50 catalyst with a high concentration of Lewis acid sites was 

found to give cyclohexane (via hydrogenation and deoxygenation) as the final product 

with yield of 91.6% in the HDO of anisole (Figure 5c). While over Ni@ZSM-5-100 

with a reduced Lewis acidity, methoxycyclohexane formed through hydrogenation 

could easily desorb from zeolite surface.
[110]

 

  

Figure 5. (a) Relationship between the yield of completely deoxygenated compounds at 220 °C (green) 

and 260 °C (blue) and the surface density of acid sites. Reproduced from ref. [106]. Copyright (2020), 

with permission from Elsevier. (b) Effect of the ratio of Lewis/Brønsted sites in the HDO of anisole for 

NiMo catalysts. Reproduced from ref. [110]. Copyright (2018), with permission from Elsevier. (c) 

Schematic transformation of anisole by Ni@ZSM-5 catalysts with changed Lewis acidity. Reproduced 

from ref. [111]. Copyright (2022), with permission from Elsevier. 

 

In the HDO of raw bio-oil, it was also demonstrated that the acidity of zeolites 

affected products distribution and also coke formation. FeMoP supported on HY 

catalyst with the stronger acidity (compared with HBEA and HZSM-5) could promote 

dehydration and condensation reactions, significantly increased the water and coke 

content in the product.
[112]

 In the HDO of guaiacol, Ru supported over ZSM-5 and 

BEA zeolites with varying Si/Al ratios were studied. With decreasing the Si/Al ratio 

of zeolites, the yield of cyclohexane increased, while a decrease in the yield of 
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2-methoxycyclohexanol was observed. Additionally, both Ru/BEA and Ru/ZSM-5 

with low Si/Al ratios displayed high activity in the HDO of guaiacol.
[101]

 

 

2.2.2 The porosity of support 

Porosity and nanostructure are the most versatile features of heterogeneous solid 

catalysts, which can greatly determine the accessibility of specific active sites, 

reaction mechanisms, and the selectivity of desirable products. The zeolites’ porosity 

significantly affects the shape selectivity and the dispersion of metal centers, which 

could simultaneously improve the catalytic performance of the catalyst. In the HDO 

of phenolic monomers to alkanes over metal-zeolite catalysts, monocycloalkanes are 

the main product when using a small pore zeolite such as HZSM-5, while 

bicycloalkanes can be selectively produced when using a larger pore zeolite such as 

HY and HBEA as the support.
[113-114]

 Lee et al. studied the effect of pore size on HDO 

of guaiacol over Pt/HZSM-5 and Pt/HY.
[115] 

Although the acidity of Pt/HY was lower, 

guaiacol conversion over Pt/HY was 5 times higher than that on Pt/HZSM-5, since 

Pt/HY (supercages with 1.2 nm in diameter and an open aperture of 0.74 nm) could 

provide sufficient space for the reaction of guaiacol (kinematic diameter: 0.67 nm) 

compared to Pt/HZSM-5 (0.51 nm × 0.55 nm & 0.53 nm × 0.56 nm). Additionally, 

zeolites with different topological structures and porosity could also affect the particle 

size and dispersion of metals in the metal-zeolite bifunctional catalyst.
[27, 116-118]

 

Although the use of zeolites as solid acids and supports for metallic species is a 

promising way to design catalysts with high selectivity and stability for the upgrading 

of bio-oil, their micropores (less than ∼1 nm) are not able to host most bulky 

biomass-derived reactants, preventing the effective utilization of the metal active sites 

and acid sites inside zeolite pores.
[119-120]

 For example, when a medium-pore zeolite 

(HZSM-5) was applied for the catalytic upgrading of bulky oxygenated compounds 

such as guaiacol, low activity and fast catalyst deactivation were observed.
[68, 121]

 This 

was mainly caused by the limited diffusion of guaiacol inside pores of conventional 

ZSM-5. Therefore, hierarchical zeolites with larger pore size, and thus more 

accessibility of active sites, are potential supports for HDO catalysts.  
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Figure 6. (a) Schematic illustration of the different diffusion pathways and metal dispersion for Pt-Ni 

bimetals confined in conventional (Pt-Ni/CZ) and hierarchical ZSM-5 zeolite (Pt-Ni/HZ and 

Pt-Ni@HZ). Reproduced from ref. [122]. Copyright (2023), with permission from Elsevier. (b) HDO 

reaction of guaiacol on Rh/MCM-22(C), Rh/MCM-22(SC), and Rh/MCM-36 catalysts. Reproduced 

from ref. [84]. Copyright (2017), with permission from Elsevier. 

 

Hierarchical zeolites possess less diffusional and steric constraints than 

conventional microporous zeolites. Meanwhile, the hierarchical pore structure also 

facilitates the dispersion of metal active phase. In the HDO of anisole, the decreased 

adsorption of anisole as well as the facile aggregation of metal species were observed 

over conventional ZSM-5 zeolite supported Pt-Ni catalyst (Pt-Ni/CZ), resulting in a 

reduced catalytic activity (Figure 6a).
[122]

 When Pt-Ni was supported over a 

hierarchical ZSM-5 zeolite (i.e., Pt-Ni/HZ and Pt-Ni@HZ in Figure 6a), the larger 

pore structure facilitated the dispersion of metal species and the adsorption of anisole, 

as well as the adsorption and spillover of hydrogen, leading to the enhanced HDO of 

anisole with high selectivity toward cyclohexane. Choi et al. deposited Rh 
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nanoparticles on MCM-22 zeolite with swollen (MCM-22 (SC)) and pillared 

(MCM-36) treatment and used them for HDO of 1,3,5-trimethoxybenzene 

(1,3,5-TMB) and guaiacol.
[84]

 The results showed that the swelling and pillaring of 

crystalline MCM-22 zeolites increased the dispersion of Rh metal nanoparticles on 

the external surface of them compared to pristine MCM-22, and therefore led to the 

higher HDO activity (Figure 6b). 

Nevertheless, the hierarchical pores in zeolites commonly generate undesired 

framework defects, which would contribute to poor thermal and hydrothermal 

stability of the catalyst, restricting their practical applications related to the biomass 

valorization. In addition, it is still very hard to control the mesoporosity of 

hierarchical zeolite by the conventional desilication or dealumination strategy. 

Moreover, the metal aggregation under harsh synthesis and reaction conditions would 

be inevitable even though the diffusion has been facilitated for hierarchical 

zeolites.
[123]

 Thus, preparing  hierarchical zeolites with properly interconnected 

channels and uniform metal distribution is still challenging. Recently, zeolites with 

nanoscale crystal size, such as nanocrystals and nanosheets with intercrystalline pores 

connected with microporous channels, have shown their potential to alleviate 

diffusion limitations of macromolecules during reactions.
[124-125]

 Encapsulation of 

metal species in single-crystalline nanosheets can be very effective for tuning the 

selectivity of microporous channels, the fast diffusion of reactive molecules, as well 

as the high stability of metal species. 

 

2.3 Synergistic effect between metal and acid sites 

The performance of metal-acid bifunctional catalysts for the HDO of lignin 

derivatives depends on their intrinsic activity and also their synergistic actions. The 

total number and relative ratio between metal and acid sites and their spatial 

distribution on/within the catalyst, determine the catalytic reaction rate and product 

selectivity. Therefore, catalyst design with a functional balance is crucial for 

controlling different elemental steps involved in the HDO process. The synergistic 

effect of metal-acid sites has been proven to be very helpful in improving the HDO 
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efficiency, which is mainly determined by the nature and distance of metal and acid 

sites, as well as the integration form of them. In addition, the change of electronic 

properties of the metal catalyst by surrounding foreign atoms within supports would 

result in the improved catalytic performance.
[126]

  

A favorable functional balance between metal and acid sites can be achieved by 

adjusting the metal:acid sites ratio and controlling the distance between two active 

sites. In the Pd/HY catalyzed liquid-phase hydroalkylation of m-cresol (Figure 7a), 

the ring saturation in the first step led to the formation of 3-methylcyclohexanone 

which was further hydrogenated to methylcyclohexanol on the metal function. The 

acid catalyzed dehydration of alcohol occurred thereafter to form 

3-methylcyclohexene, which could readily alkylate the unreacted m-cresol to form 

bicyclic compounds.
[127]

 If the hydrogenation of C=C bonds in methylcyclohexene on 

the metal is faster than alkylation on the acid site, the selectivity of hydroalkylation 

will decrease. As shown in Figure 7b, the selectivity toward alkylation can be greatly 

enhanced with increasing the nAcid/nMetal (nA/nM) ratio. However, too few metal 

atoms would decrease the overall reaction rate since the initial step in the reaction 

scheme requires hydrogenation. Yan et al. also reported the effect of the functional 

balance between metal and acid sites over Ni/HBEA catalysts, and found the reaction 

pathways and product distribution could be tailored by adjusting the Ni to HBEA 

ratio.
[128]

 

In addition to the intrinsic properties and relative ratio of metal and acidic sites, 

the distance and spatial distribution between them also significantly impact the 

cascade reactions in HDO.
[116,129-130]

 The "intimacy criterion" has been proposed to 

describe the distance between different active sites since 1962 and researchers believe 

that catalytic activity could be enhanced over active sites with a limited distance.
[131]

 

The close proximity between metal and acid sites could favor the rapid transfer and 

further reaction of intermediate products, which can effectively suppress the side 

reactions and improve the product selectivity in HDO of phenolics.
[132]

 However, 

there should be an optimization point for metal-acid interactions in phenolic. For 

example, Fang et al. designed three catalysts with a millimeter scale (Pt-A+Z), 
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microscale (Pt-A@Z) and nanoscale (Pt-A/Z) distances between metal and acid sites 

by selective deposition of Pt on Al2O3-ZSM-5 nanocomposite, and tested them in 

HDO of eugenol.
[133]

 As shown in Figure 7c, the catalytic performances were 

improved when the distance of metal and acid decreased from millimeter to nanoscale. 

Pt-A/Z catalysts successfully integrated the (de)hydrogenation ability of metal and 

deoxygenation activity of zeolites. However, further reducing the distance did not 

have any influence on the catalytic activity. Moreover, the well-controlled distance 

between metal nanoparticles and acid centers could remarkably enhance the coke 

resistance of the catalyst due to the easily transfer of intermediate molecules between 

the acid sites and metal nanoparticles during the reactions.
[134]

 

  

Figure 7. (a) Proposed reaction pathway for HDO and hydroalkylation of m-cresol over Pd/HY catalyst, 

and (b) the effect of acid/metal ratio on selectivity of alkylated products. Reproduced from ref. [127]. 

Copyright (2015), with permission from Elsevier. (c) Chemical composition of liquid obtained after 

HDO of eugenol over the three catalytic system with different metal-acid distances. Reproduced from 

ref. [133]. Copyright (2018), with permission from Royal Society of Chemistry. 
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350 °C under atmospheric pressure, and studied the synergistic effect between acid 

and metal sites.
[135]

 The close proximity of Pt and acid sites in bifunctional Pt/HBEA 

enhanced transalkylation and deoxygenation reactions while inhibited demethylation 

and decarbonylation reactions significantly, which finally led to aromatics as the 

major products. Recently, we also found that the effective encapsulation of Ru metal 

clusters in ITQ-1 and HMCM-22 zeolite cavities could deliver a synergistic effect, 

leading to an enhanced catalytic activity and product selectivity in the HDO of 

guaiacol.
[27]

 Thus, for a new or better HDO catalyst development, more attention must 

be paid to properly combining metal and acid sites in zeolite with an optimal site ratio 

and distance.  

 

2.4 Catalyst stability 

Unlike industrial operations, the extremely low concentration of biomass-derived 

model compounds with a high amount of catalyst, together with a short reaction time, 

were often applied in most of the fundamental studies, thereby the stability of 

catalysts was always ignored. From an industrial perspective, it is highly necessary to 

understand the deactivation mechanism of the catalyst used for HDO reaction of 

bio-oil in order to design an effective and stable catalyst. Generally, there are several 

reasons for deactivation of metal-zeolite catalyst during HDO process: metal sintering 

or leaching, coking through carbon deposition, degradation of support, as well as the 

change in acid sites of zeolite (Figure 8).
 [46, 136-137]
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Figure 8. Schematic illustration of the deactivation modes for metal supported catalysts during the 

HDO processes. 

 

2.4.1 Metal sintering or leaching 

The deactivation of the metal phase in metal-zeolite catalysts can be influenced 

by many different factors, including the type, content, size and distribution of the 

metal, as well as their interactions with the support. Specifically, sintering and 

leaching can lead to irreversible catalyst deactivation due to the permanent changes in 

metal structure and content, while deactivation caused by carbon deposition can be 

reversed by burning the carbon species deposited on the metal surface in the presence 

of air or oxygen.  

In general, sintering easily occurs at the catalyst with high metal loadings, or 

under harsh treatment and reaction conditions (high temperature and acidic/alkaline 

medium), as well as the lack of strong interaction between metal species and the 

support. In the liquid-phase reaction, the aggregation of metal nanoparticles would 

become more severe at higher temperatures and in more acidic reaction media, 

especially for the metal particles located on the external surface of zeolite. For 

example, the particle size of noble metals such as Pt, Pd, Ru, and Rh, were found to 

increase obviously under temperatures higher than 200 °C for continuous reaction 

time, resulting in the decreased catalytic activity.
[138-140]

  

Leaching is the dissolution of metal active sites into the reaction medium, which 

can cause seriously catalyst deactivation, and also the products separation and 
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purification issues.
[141]

 Metals’ leaching depends on the nature of reaction medium 

(pH, oxidation potential, chelating properties), and bulk or surface properties of metal. 

In general, base metals are more prone to leaching compared to noble metals. For 

example, significant Ni leaching was observed in the acidic and chelating reaction 

media during the aqueous-phase hydrogenation of glucose, whereas Ru catalysts 

under the same conditions showed higher specific activity and durability with no 

detectable leaching.
[142]

  

The stability of metals against sintering and leaching is often correlated to the 

synthesis methods and post-synthetic modifications of the catalysts.
[143-146]

 Compared 

to the traditional method (e.g., impregnation) which is inclined to generate metal 

species on the external surface of zeolites, the encapsulation of metals in zeolite pores 

is regarded as an effective approach to alleviate the sintering and leaching issues of 

metal-zeolite catalysts. Ru metal particles located inside the zeolite by in-situ 

synthesis method is more resistant to sintering owing to the spacial constraint of 

zeolite pores, while metal located on the external surface of zeolite tends to form big 

particles under the same reaction conditions in the liquid phase.
[27]

 In addition, the 

stability of metal active sites could be improved through tuning the electronic or 

geometric properties by adding second metal species.
[147-148]

  

 

2.4.2 Coking 

One of the major problems inhibiting the large-scale operation of HDO process is 

the formation of coke. Both the light and the heavy components in bio-oil contributed 

to the formation of coke during the HDO of bio-oil, especially the heavy components 

as they could encounter the steric hindrance for accessing the metal sites on the 

surface of the catalyst.
[149] 

In the HDO of biomass-derived compounds, two major 

types of coke are commonly formed. One is oxygen containing hydrogen rich coke, 

whose O atom can adsorb easily on strong Brønsted acid sites in zeolites
 
and Lewis 

acid sites in oxophilic metal oxides.
[129, 135, 150-151]

 The other type of coke is hydrogen 

deficient graphite-like coke, which is normally formed due to the overreactions or 

side reactions.
[129, 135]

 Compared to the oxygenated coke which is loose and easy to be 
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removed, the graphite-like coke is much denser and difficult to be removed. 

Polymerization of unsaturated compounds, especially the oxygen-containing 

molecules such as phenolics, has been considered as the main cause for formation of 

coke during the HDO process. The polymerization of the heavy or light species of 

bio-oil relates to the properties of catalysts, the configuration of the reactor, and the 

conditions for the process.
[152] 

During the HDO of bio-oil over Ni-Cu/HZSM-5 and 

Ni/HZSM-5 catalysts, the soluble coke was found to generate on the surface of 

Brønsted acid sites via the polymerization of oxygenates in bio-oil.
[153]

 In addition, the 

carbocation species generated upon the Brønsted acid sites, such as the dehydration of 

alcohol intermediates in the cascade HDO process, also contributed significantly to 

the coke formation. With the progress of the HDO, the soluble coke could be further 

converted into the disordered graphite-like coke. 

    An understanding of the deactivation mechanism will be critical to the 

development of suitable catalysts and optimization of reaction and catalyst 

regeneration processes. Sievers et al. monitored via operando transmission FTIR 

spectroscopy the formation and evolution of surface species over Pt/HBEA during 

HDO of bio-oil model compounds including anisole, m-cresol, and guaiacol, and 

concluded that coke formation is only one of several factors contributing to the 

deactivation of zeolites in HDO (Figure 9a).
[86]

 The formation of relatively small 

amounts of graphitic coke and polynuclear aromatics could lead to the pronounced 

deactivation of the zeolite catalysts. In the HDO of phenol over Pd/HY catalyst, it was 

found that the catalyst acidity is a decisive factor influencing the coke formation 

(Figure 9b).
[154]

 Although Pd/HY was an effective catalyst for the HDO of phenol, too 

high concentration of acid sites could also cause a fast catalyst deactivation due to the 

coke formation. 

One effective solution to prevent coke formation is to tune catalysts’ acidity and 

thus minimize the occurrence of alkylation or polymerization reactions. Another 

solution could be to use hierarchical zeolite as the support, which could not only 

allow the reactions with bulky substrates, but may also lead to decreased rates of 

deactivation cause by the coke deposition (Figure 9c).
[155]

 The oxidation and/or 
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reduction treatment of the used catalysts are able to completely/partially regenerate 

the catalysts by removing the deposited coke, which requires a relatively high thermal 

stability of the catalyst.
[156]

 Besides, performing the HDO reaction at moderate 

conditions such as relatively lower temperatures could be an useful approach to retard 

coke formation during bio-oil HDO process.
 
In summary, avoiding coke formation 

requires careful design of the catalyst with balanced hydrogenation/deoxygenation 

functionalities and finely tuned structure and reaction conditions, which is still an 

ongoing challenge.
[133, 157]

 

 

 

Figure 9. (a)The formation of surface species as a function of time on stream during the HDO of 

anisole, m-cresol and guaiacol over Pt/HBEA catalyst. Reproduced from ref. [86]. Copyright (2016), 

with permission from American Chemical Society. (b) Influence of total acidity (determined by 

NH3-TPD) on the coke formation in phenol HDO over Pd catalysts supported on mixed HY zeolite and 

Al2O3. Reproduced from ref. [154]. Copyright (2014), with permission from Elsevier. (c) Catalytic 

activity of conventional and hierarchical Sn-BEA catalysts in the Meerwein-Pondorf-Verley transfer 

hydrogenation of cyclohexanone. Reproduced from ref. [155]. Copyright (2016), with permission from 

Royal Society of Chemistry. 

 

2.4.3 Hydrothermal stability 

Water is always involved in the HDO of bio-oil as the reactant or the product, 
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and in many cases, water has been employed as the solvent. Except for the possible 

competitive adsorption on active sites, water is also able to oxidize metals and 

provoke the metal sintering process, resulting in reduced activity.
[158-159]

 It has been 

reported that noble metals such as Pt, Pd, and Ru generally have better resistance to 

sintering and leaching in condensed phase (especially in the aqueous phase) 

reactions.
[160]

 Some approaches such as alloying and modification of support, have 

been applied to enhance the catalysts’ HDO activity and structural stability. The 

coordination between metals, and anchoring the metal on a stable support can be 

attractive strategies to achieve enhanced catalytic activity and improve hydrothermal 

stability, attributed to the strong metal-metal and metal-support interactions.
[161-163]

 

For zeolite support, the hot liquid water greatly impacts their crystallinity, 

integrity of framework structure and sorption capacity.
[164]

 It has been proved that the 

stability of zeolites in hot liquid water highly depends on their framework type, Si/Al 

ratio, extra-framework cations, and the concentration of silanol defects.
[165-166]

 For 

example, zeolites with high framework density, such as MFI and MOR, are relatively 

stable up to 250 ℃, while topologies with low density, such as BEA and FAU, would 

be destructed at 150 ℃. Interestingly, degradation of zeolite could occur in liquid 

water at high temperatures (> 150 ℃), while steaming at the same temperature only 

limitedly affected the zeolite structure.
[167-168]

 Wattanakit et al. systematically 

investigated the stability of Pt-supported HZSM-5 catalysts under hot liquid water, 

and found that the catalysts exhibit acceptable hydrothermal stability in the 

temperature range of 50 to 150℃. The catalysts are gradually degraded in the reaction 

at 150℃ for both Pt supported on conventional and hierarchical HZSM-5 due to the 

loss of relative crystallinity (30-35%).
[169]

 Čejka and coworkers investigated the effect 

of hot water at 160 ℃ for 48h on MWW zeolites, and concluded that the treated 

MWW zeolites showed less impact on the structure when exposed to water than 

zeolite BEA.
[170]

 The structure of all MWW materials was preserved; however, a 

significant decrease in acid site concentration and micropore volume was observed 

after hot water treatment.  

In the past decade, many useful strategies have been developed to improve the 
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hydrothermal stability of zeolite-based catalysts. Improving the hydrophobicity of 

zeolite is one of the most promising strategies to enhance their hydrothermal stability, 

including surface modification through coating, e.g., with a carbon layer, oxide 

coating, or anchoring hydrophobic species.
[171-173]

 Zeolite frameworks typically 

contain hydrophilic silanol (SiOH) groups, which originate from framework siloxy 

(i.e., SiO
-
) defects formed during hydrothermal synthesis, and these SiOH species are 

known to be the main active sites for the hydrolysis of zeolite frameworks in hot 

liquid water (>150 °C and autogenous pressure).
[174-175]

 Hence, remediating the 

negative effect of defects to improve hydrothermal stability of the zeolites, for 

example, the functionalization of zeolites by silylation approach using organosilane 

molecules, can be very effective in increasing the hydrophobicity of the material 

(Figure 10a)
[176-178]

 and the hydrothermal stability (Figure 10b)
[179]

. Another option to 

improve the stability is doping rare earth cations into the pores of zeolite, which is 

used to improve thermal stability and increase zeolite structure collapse temperature. 

For example, the incorporation of Ce can improve the stability of acid centers, but its 

lower activity was attributed to block or otherwise affect the accessibility of the active 

sites by the larger size of Ce.
[170]

 Alternatively, Grand et al. incorporated tungsten in 

nanosized MFI zeolites to inhibit the formation of silanol defects. The formation of 

more stable W-O-Si bridges could greatly enhance the structure stability of 

zeolites.
[180]
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Figure 10. (a) Schematic depiction of a typical silylation procedure for the removal of silanol nests in 

BEA structure. Reproduced from ref. [177]. Copyright (2016), with permission from American 

Chemical Society. (b) Correlation between the lifetime and the concentration of Brønsted acid sites of a 

BEA catalyst during the dehydration of cyclohexanol in the aqueous phase. Reproduced from ref. [179]. 

Copyright (2017), with permission from American Chemical Society. 

 

3. Summary and perspective 

The bifunctionally catalyzed HDO of biomass-derived bio-oil is considered one 

of the most promising ways to convert biomass into fuels and chemicals. Rational 

design of highly effective bifunctional catalysts is of great importance for developing 

HDO processes. Although considerable studies have been performed on various 

catalysts using model compounds, the difference in chemical properties between 

bio-crude oil and the model compounds could conceivably lead to suitable catalysts 

for the model compounds, but ineffective for the bio-crude oil. From the practical 

standpoint, more attention should be paid to the studies using real or pretreated 

bio-crude oil as the reactants, paving the way for the truly value-added utilization of 

biomass resources. 

b

a
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The selection of the metal phase could significantly influence the reaction 

pathways toward different target hydrocarbons, and metal species with smaller 

particle sizes and uniform distribution confined in the rigid zeolite matrix are 

preferred. Appropriate acidic property within zeolites is favorable for C-O cleavage 

via elimination, and could also inhibit the side reactions of hydro-isomerization and 

hydrocracking. Zeolite pores provide not only accommodation for metal particles, 

which is beneficial for its uniform dispersion, but also a confinement space for 

stabilizing the metal and sometimes reactive intermediates involved in HDO reactions. 

Hierarchical zeolites with more open structures allow the rapid diffusion of bulky 

reactants/products and also improve the accessibility of active sites, resulting in 

enhanced activity as well as a high resistance toward carbon deposition. Although 

hierarchical or nano-structured zeolites have shown their priority in petrochemical 

processes, the liquid-phase reaction in biomass valorization could bring additional 

challenge for zeolite stability since a much more severe destruction of hierarchical 

structure may occur, especially in hot liquid water. Thus, enhancing the hydrothermal 

stability of zeolite-based catalysts with an effective and workable approach is highly 

desired for biomass conversion. 

The proper combination of two functional active sites, i.e., metal and acid, has 

shown its advantages in enhancing reaction rates or selectivity of desired products in 

HDO of phenolics. Such enhancement was caused by the synergistic effects between 

two functional sites. However, the underlying mechanism of synergistic effects and an 

optimal site balance between them, has been limitedly studied. In addition, the lack of 

effective characterization approaches to monitor the exact state and the nature of 

active sites under the liquid-phase working conditions leads to difficulties in revealing 

structure-activity relationships for bifunctional HDO catalysts. Thus, rigorous kinetic 

studies, advanced characterization techniques, and theoretical calculations should be 

combined to understand better the synergistic effects between metal and acid in the 

HDO process. Moreover, designing the catalyst with balanced hydrogenation/ 

deoxygenation functionalities and a finely tuned structure is also important to improve 

the stability of the HDO catalyst, especially in the presence of a large amount of water 
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involved in biomass conversion. 

Therefore, it is imperative to develop appropriate synthesis methodologies for 

metal-zeolite bifunctional catalysts that encompass the efficient encapsulation of 

metal active sites within zeolite pores and precise manipulation of the mesopores 

and/or nanostructure of zeolites. In addition to the commonly employed impregnation 

and ion-exchange methods, ligand/polymer-assisted one-pot hydrothermal synthesis 

routes have emerged as facile strategies for confining metals in zeolites. Multistep 

post-synthesis techniques, including inter-zeolite framework transformation, two-step 

dry-gel-conversion, and seed-directing strategies, offer alternative approaches for the 

preparation of such bifunctional catalysts. To ensure efficient mass transfer of bulky 

biomass-derived molecules and enhance the accessibility of active sites, it is also 

essential to fabricate zeolites with mesopores or nanostructures using versatile 

approaches such as hard-templating, soft-templating, and other post-synthetic 

treatments. 

Overall, applying bifunctional catalysts is an important direction for the HDO of 

lignin-derived phenolics to fuels and chemicals. Although numerous studies have 

been devoted to this research area, the rational design of an effective bifunctional 

catalyst, especially for zeolite-based catalysts, is still a challenging task, which should 

consider  many elements such as porosity and acidity of zeolitic supports, location, 

particle size, and dispersion of metal centers over zeolitic supports, the balance among 

metal species, acidity and porosity, and also the thermal and hydrothermal stabilities 

of active sites and supports. We expect this review is providing valuable guidance for 

the rational design of new or better catalysts for the bifunctionally catalyzed HDO of 

lignin-derived phenolic bio-oil. 
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