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Introduction

As a result of the decline of fossil fuel reserves and the rise of environmental concerns about the use of fossil-based energy, several government targets have been established to increase the internal production of energy and chemical from renewable sources like biomass [1,2] .

Lignocellulosic biomass is an abundant, non-edible, and renewable resource for the production of highvalue-added chemicals and fuels in future biorefineries [3][4][5] . It is composed mainly of three natural polymers: cellulose (40-50%), hemicellulose (25-35%), and lignin (15-20%) [6][7][8] . In contrast to cellulose and hemicellulose, which are widely used for the production of bioethanol and other chemicals, lignin has limited application due to its complex structure [6,9] . According to the International Lignin Institute (ILI) [START_REF]What's lignin[END_REF] , more than 40 million tons of lignin are annually produced. Approximately 2% of industrial lignin is commercially used while the rest is burnt for heat generation through combustion. However, there is an enormous potential market for lignin value-added chemicals and fuels [START_REF] Zaheer | [END_REF] .

Lignin is an amorphous polymer composed of three monolignols: p-coumaryl, coniferyl, and sinapyl alcohols (Fig. 1). The main C-O and C-C bonds present in lignin are the β-O-4, 4-O-5, α-O-4, 5-5, and β-5 linkages (Fig. 1). Among the ether linkages, the β-O-4 ether bond is the predominant one [12,13] Lignin can be depolymerized through different technologies such as fast pyrolysis, hydrothermal liquefaction, and hydrolysis [14][15][16][17] . Lignin can also be extracted from the lignocellulosic biomass and depolymerized by reductive catalytic fractionation (RCF), the so-called lignin first approach [18][19][20] . The bio-oil derived from the hydrolysis of lignin these processes is a mixture of several oxygenated compounds considered as potential alternative source of fuels and chemicals [21][22][23] . However, due to its high acidity (pH 2-4), and high content of oxygen and water (>15 wt. %), bio-oil is chemically and thermally unstable. It must be upgraded before being used as fuel [24,25] .

Several studies have highlighted that the hydrodeoxygenation (HDO) process, by which oxygen atoms are chemically removed upon reaction with H2, is a promising technology for improving the quality of the bio-oil [26- 28] . Due to the complexity and the variety of molecules present in the bio-oil, model molecules representative of the different C-C and C-O bonds are commonly used to enable the understanding of the mechanism of HDO for the development of new catalysts.

The first category of model molecules consists of phenolic monomers such as guaiacol [29][30][31][32][33][34] , anisole [35- 40] , cresol [41][42][43][44][45][46] , and phenol [47][48][49][50][51][52][53][54] that contain hydroxyl and/or methoxy groups attached to the aromatic ring. But dimeric aryl ethers such as benzyl phenyl ether (BPE) [55][56][57][58][59][60][61][62][63][64][65][66][67][68][69] , 4-(benzyloxy) phenol (BOP) [52,63,[69][70][71][72] , phenethoxybenzene (PEB) [56,57,61,70,[73][74][75][76][77] , 2-phenoxy-1-phenylethanol (PP) [64,[78][79][80][81][82][83][84] , and diphenyl ether (DPE) [56,57,62,63,70,[85][86][87][88][89][89][90][91][92][93][94][95][96][97][98][99][100] , are more representative of the α-O-4, β-O-4, and 4-O-5 ether linkages of lignin structure (Fig. 2). According to Yanding et al. [101] , the cleavage of diaryl ether plays a key role in the reduction of the molecular weight of lignin, which could contribute to the high yields of monomers obtained in the RCF process.

There are several reviews dedicated to the HDO of phenolic monomers such as phenols, m-cresol, anisole, and guaiacol. They discuss the different catalysts used, the effect of the type of metal and support on the HDO reaction, the reaction mechanisms involved, and catalyst deactivation [6,8,24,[102][103][104][105][106][107][108] . However, most of these reviews only discuss about the HDO of phenolics monomers while a few also present some results related to dimeric aryl ethers, but without discussing the mechanism of reactions or even the effect of properties of metals and supports on the different reaction pathways involved.

However, the mechanism of cleavage of these ether bonds, and the extent of competition of the hydrogenolysis process with parallel reactions such as hydrogenation and alkylation, are still under debate. How does each component of the catalyst (metal and support) affect the conversion of these model molecules representative of lignin? In particular, what is the role of the metal particle size and acidity of the support?

Therefore, an overview of the metal catalysts supported on non-acidic and acidic supports used for the HDO of different dimeric aryl ethers is provided in this review. It is known that two fundamental steps leading to the completion of the hydrodeoxygenation reaction take place on the metal sites: first, the hydrogenolysis of the C-O ether bond, then the hydrogenation of functional groups and/or intermediates formed after cleavage. But acidic sites may also be involved in the course of these reactions, and play a role in the competitive alkylation and hydrolysis routes [109] . This will be reviewed below, to understand not only the role of the metal but also that of the acidic sites, in the different reaction pathways occurring during the hydrodeoxygenation process. He is interested to understand the fundamental relationships between catalytic performance and the catalyst structure. He has been involved in studies for the conversion of natural gas to syngas and fuels, hydrogen production from biomass, including the steam reforming of ethanol and biogas, technologies for the conversion of lignocellulosic biomass into fuels and high value-added chemicals such as gasification, pyrolysis, and fractionation processes, and anodes for solid oxide fuel cells.

General aspects of the conversion of dimeric aryl ethers representative of lignin structure

As a general observation, metals such as Ni, Ru, Pt, and Pd, supported on non-acidic or acidic supports, can perform the HDO reactions of aryl dimeric ethers. Table 1 shows a summary of some reaction conditions and catalysts used for the conversion of dimeric aryl ethers reported in the literature and discussed in this work. It can be easily seen that these catalysts have been tested under very different reaction conditions (temperature, hydrogen pressure, and solvent). It will be shown in this section that these parameters have a primary impact on the balance between the competing pathways of hydrogenolysis, direct hydrogenation, and alkylation of the aryl ethers, and this impact must be discussed before reviewing the role of the catalysts. Unfortunately, such differences in reaction conditions make a global comparison of the results from the literature difficult. Experimental parameters will have to be mentioned in all cases to precisely describe the context of the reaction. 

2.1.

The effect of reaction conditions

Temperature

The 4-O-5 aryl ether bond (BDE = 314 kJ.mol -1 ) is stronger than both, β-O-4 and α-O-4aliphatic bonds (BDE = 289 and 218 kJ.mol -1 , respectively). In addition, the apparent activation energy for their cleavage follows the order: 97 kJ/mol (4-O-5) > 86 kJ/mol (β-O-4) > 72 kJ/mol (α-O-4) (Fig 3) [56] . Therefore, it is expected that the cleavage of the weaker aliphatic ether bonds (α-O-4 and β-O-4) is favored. However, the TOF calculated at 120 °C for the hydrogenolysis of DPE over Ni/SiO2 (4-O-5; TOF = 26 mol.mol ni(suf) -1 .h -1 ) was found to be higher than the TOF for the hydrogenolysis of PEB (β-O-4; TOF = 13 mol.molni(suf) -1 .h -1 ). He et al. [56] attributed this result to . Reproduced with permission. [56] Copyright 2012, ACS Publication.

Yoon et al. [59] evaluated the effect of temperature for the conversion of BPE over silica-alumina aerogel (SAA) under 5 bar H2, using n-decane as solvent. Phenol and alkylated products (2-benzylphenol (2-BPH) and 4benzylphenol (4-BPH)) were the only products formed in all temperatures (70-250 °C). However, it was possible to observe that the increase of temperature decreases the selectivity to 2-BPH (62 % to 38 %).

The influence of reaction temperature was evaluated for the conversion of PEB over Ru/C under 8 bar of H2 and using water as solvent [73] . At lower temperature (180 °C), the main products were ethylbenzene, phenol, and phenylethanol, suggesting that PEB can be both converted into ethylbenzene and phenol by the cleavage of the Caliph-O bond, or into phenylethanol and benzene by hydrogenolysis of Carom-O bond of PEB. In addition, products from the hydrogenation of the aromatic rings were also observed at low temperature. Increasing the temperature to 240 °C favored the cleavage of the Caliph-O bond of PEB, whereas the full and partial hydrogenation of PEB was suppressed. Regardless of the temperature, the yield of deoxygenated products (benzene and cyclohexane) was less than 5%.

A similar trend was also observed for the conversion of PEB over Ru/SO4-ZrO2 (SZ) [75] (8 bar H2, water)

and Ni/Hβ [77] (40 bar H2, n-hexane). At low temperatures (< 180 °C), hydrogenolysis and hydrogenation reactions co-existed, whereas the hydrogenolysis of the Caliph-O bond occurred as the main pathway at high temperatures (> 200 °C).

Guan et al. [70] studied the conversion of PEB as a function of temperature over Rh/Nb2O5 under 10 bar of H2 in dodecane as solvent. At lower temperature (220 °C), ethylbenzene, ethylcyclohexane, and cyclohexane were the main products formed, while at 260 and 300 °C, ethylbenzene and benzene were mainly produced. The authors observed that the increase in temperature from 220 to 300 °C gradually decreased the formation of hydrogenated products resulting from hydrogenolysis (cyclohexane and ethylcyclohexane), while the selectivity to aromatics (benzene and ethylbenzene) increased. Since the authors reported that there was no formation of cyclohexanone/cyclohexanol in the reactions, it can be assumed that the higher temperature also favored the direct hydrogenolysis of the Carom-O bond of phenol to produce benzene.

The effect of reaction temperature was studied for the conversion of DPE over palladium and nickel supported on HZSM5 under 20 bar of H2 in n-hexane as solvent [62] . At 120 °C, low DPE conversion was achieved (11 %) and the products formed were cyclohexane, cyclohexanol, cyclohexyl phenyl ether, and dicyclohexyl ether.

Increasing the temperature from 120 to 220 °C, the conversion of DPE increased to 100% and the only product formed was cyclohexane. The authors observed that the selectivity to deoxygenated products was favored at high temperatures. Additionally, increasing the temperature inhibited the partial and complete hydrogenation of DPE.

In summary, these studies reveal that the hydrogenolysis of the C-O bond and full/partial hydrogenation of the ether can coexist at low reaction temperatures. However, when the temperature increases, the hydrogenolysis of the C-O bond of the dimer molecule appears as the main reaction pathway. Furthermore, the formation of deoxygenated product (cyclohexane) was also favored at high temperatures.

Pressure

The conversion of dimeric aryl ethers can also be strongly affected by hydrogen pressure. He et al. [56] investigated bar. This is due to the higher rate of cleavage of the C-O bond in α-O-4 linkage. In this case, the product desorption is reported to be the rate-determining step. A higher H2 pressure promotes product removal and, consequently, the reaction rate. In contrast, at 100 bar, the TOF of C-O bond cleavage of α-O-4 decreased, which was attributed to the now-existing adsorption competition between the reactant and hydrogen on metallic sites. Reproduced with permission. [56] Copyright 2012, ACS Publications

The effect of hydrogen pressure on the conversion of PEB was studied by Zhou et al. [77] over 20 wt.% Ni/Hβ, at 220 °C in n-hexane. Under 10 bar of H2, 16 % of PEB was mainly converted into 2-phenethylphenol (42.8 %), ethylbenzene (26.2 %), phenol (14.4 %), and cyclohexane (10.3 %). It was noted that phenol was partially converted to cyclohexane, but ethylbenzene was not transformed into ethylcyclohexane. Increasing the pressure up to 40 bar, the hydrogenolysis of PEB was favored and its conversion strongly increased. The yield of ethylbenzene and phenol decreased, while the ethylcyclohexane and cyclohexane yield increased, indicating that the increase of pressure also favored the hydrogenation of the hydrogenolysis products after cleavage (ethylbenzene to ethylcyclohexane and phenol to cyclohexanol, which is dehydrated to cyclohexane). Then, the higher availability of phenol in the presence of an acid support increased the cyclohexane yield. In addition, as the pressure increased, the yield of 2-phenethylphenol decreased progressively to zero, while (2-cyclohexylethyl) benzene, intermediate for the conversion of 2-phenylethanol to 1,2-dicyclohexylethane, increased.

Luo et al. [75] used PEB as a model molecule to study the effect of the hydrogen pressure on the performance of a Ru supported on sulphated zirconia (Ru/SZ) catalyst at 240 °C in water. The hydrogenolysis of PEB was the major reaction pathway at low pressure of hydrogen (<10 bar), producing phenol and ethylbenzene.

Consequently, the formation of deoxygenated products (benzene and cyclohexane) was also favored at low pressure. However, when increasing the pressure of hydrogen to 30 bar, the major reaction pathway was changed, and the full and partial hydrogenation of PEB aromatic rings was favored.

The effect of the variation of pressure (0.6 to 10 MPa) on the conversion of DPE and product distribution, for nickel supported on silica (120 °C, water) is shown in Fig. 5 [86] . The TOF of the DPE C-O bond cleavage increased up to 10 bar and then decreased. The hydrogenolysis rate increased as the pressure increased to 10 bar, due to the increase in surface coverage by H species. At high pressure (above 10 bar), the reaction rate decreased as a result of the lower concentration of DPE that competes with hydrogen. The hydrogenolysis products (cyclohexanol and benzene) were mainly formed in the 0-10 bar pressure range. A further increase in pressure favored the hydrogenation of one of the aromatic rings of DPE to cyclohexyl phenyl ether. Reproduced with permission. [86] Copyright 2014, Elsevier.

Zhao et al. [62] evaluated the effect of hydrogen pressure (5, 10, and 20 bar of H2) on the conversion of DPE over Pd-Ni/HZSM5 at high temperature (220 °C), using n-hexane. When the reaction was conducted at low hydrogen pressure, the conversion of DPE was 11.1% and the main products were cyclohexane, benzene, and phenol. Increasing the pressure of hydrogen to 20 bar, the conversion of DPE and the selectivity to cyclohexane increased to 100%. In addition, the formation of products from the hydrogenation of DPE aromatic rings was not observed.

Therefore, the effect of pressure depends not only on the type of C-O bond but also on the catalyst. For model molecules containing β-O-4 and 4-O-5 linkages, the effect of pressure on the reaction rate is noticed at a lower pressure than for the α-O-4 linkage. This is likely due to the high reaction rate for the cleavage of the α-O-4 linkage. At high hydrogen pressure, the literature proposes a competition of adsorption between the ether and H2 in some instances, but this does not explain all the observations. In addition, the hydrogenolysis of the C-O bond and the hydrogenation of the aromatic rings of the ether are competitive reactions; a higher H2 pressure tends to favor the hydrogenation of the aromatic rings.

Solvent

The conversion of BPE has been reported using non-polar and polar solvents, even in the absence of a catalyst, which is due to the high reactivity of the α-O-4 linkage.

He et al. [55] studied the conversion of BPE in a non-polar solvent (undecane) at 250 °C under 40 bar of H2. A low conversion of BPE was obtained in the absence of a catalyst (9.7% under H2), but with a high selectivity to alkylated products such as 2-benzylphenol (2-BPH) and 4-benzylphenol (4-BPH) (above 90%), resulting from the C-C coupling of the two aromatic molecules produced by the C-O cleavage. This cleavage was caused by pyrolysis, and the alkylated products were formed through free-radical reactions. [55] The authors also evaluated the effect of a polar solvent (water) on the conversion of BPE without a catalyst. BPE was mainly converted into phenol and benzyl alcohol. In this case, the hydrolysis reaction was catalyzed by the hydronium ions from dissociated water at a high temperature (250 °C). Alkylated products were formed via the recombination of either radical or more probably cationic intermediates. [55] According to the literature [114] , the conversion of BPE in superheated water does occur through hydrolysis and pyrolysis, as described in Fig. 6. Benzyl alcohol and phenol are formed via hydrolysis (Reaction 1.1). The heterolytic cleavage of BPE produces a benzyl cation that reacts with phenol to form 2 and 4-BPH (Reaction 1.2).

In the pyrolysis reaction, the Caliph-O bond of BPE is broken homolytically, producing highly reactive phenoxy and benzyl radicals. These radicals may react with hydrogen and produce phenol and toluene (Reaction 2.1); or can react with each other, producing dimers (Reactions2.2 and 2.3); or with the initial ether, leading to the formation of trimers (Reaction3).

In summary, for the conversion of BPE, alkylated products could be observed despite the absence of a solid catalyst. In the aqueous phase, the formation of benzyl phenols was catalyzed by hydronium ions, while in a non-polar solvent, these products were formed via free radical reactions.

In contrast to BPE, the conversion of PEB and DPE, model molecules representative of β-O-4 and 4-O-5 ether linkages, was not affected by the solvent, probably due to the high activation energy required to break these linkages. In addition, the literature reports that in the presence of bare acid supports such as Nafion, Amberlyst, sulfate zirconia, and zeolites: HZSM5, Hβ, and HY, PEB and DPE remained unreacted [56,61,62,75,86,87] .

Figure 6. Ionic and radical mechanism pathways for the conversion of BPE proposed by Roberts et al. [114] Reproduced with permission.

Copyright 2010, Elsevier.

The effect of solvent on the hydrogenolysis of DPE over Raney Ni was investigated by Wang and Rinaldi [85] at 90 °C under 50 bar of H2. Protic and aprotic solvents were used as shown in Table 2. However, the comparison of selectivities is difficult because of the large range of conversions. For all the solvents listed, the main products were dicyclohexyl ether (the hydrogenated form of DPE), benzene, cyclohexanol, and cyclohexane (products of hydrogenolysis and hydrogenation). In n-heptane and decalin, a small amount of partially hydrogenated cyclohexyl phenyl ether was also observed. Cyclohexanol is formed by the hydrogenation of phenol, whereas cyclohexane is produced by the hydrogenation of benzene because there is presumably no acidic group to catalyze the dehydration reaction of cyclohexanol on Raney Ni. The authors observed that one of the causes of the solvent effect is the Lewis basicity, which favors the adsorption of the solvent, blocking partially the active Ni sites for hydrogenolysis and hydrogenation for solvents such as ethanol, 2-propanol, THF, and ethyl acetate that showed low activity to DPE conversion. Though difficult to extend to other substrates and to rationalize, these measurements indicate that alongside temperature and pressure, the solvent must be mentioned when discussing the properties of a catalyst in this family of reactions. Hydrogen donor solvents such as methanol, ethanol, and isopropanol have been extensively used in the reductive catalytic fractionation (RCF) of lignocellulosic biomass [18][19][20] . However, only a few works investigated the HDO of dimeric aryl ethers under the RCF conditions [58,87,100,[110][111][112][113]115] . The use of water as a co-solvent may affect the catalytic performance for HDO of dimeric aryl ethers. Furthermore, the reaction pathways involved may be different in the presence of molecular H2 or a hydrogen donor solvent. For instance, products from hydrogenation of the aromatic ring might be favoured under hydrogen pressure [100] .

Wu et al [113] evaluated the conversion of BPE using different hydrogen donor solvents (methanol, ethanol, isopropanol, 2-butanol, and t-butanol) over Ni1.5Cu1.5/Al2O3 at 200 °C. There was no BPE conversion in the presence of methanol, ethanol, and t-butanol. In contrast, 2-butanol and isopropanol exhibited 52% and 100 % of BPE conversion, respectively. Regarding the product distribution, in both cases, BPE was converted into toluene and cyclohexanol as the main products.

The impact of solvent on the conversion of DPE in the absence of molecular H2 was studied over Ni/Nb2O5 [95] at 220 °C. Different polar (methanol, ethanol, and isopropanol) and non-polar (tetralin, n-hexane, and tridecane) solvents were used. The conversion of DPE increased following the order: tetralin (3.5 %) < ethanol (5.6 %) < methanol (7.3 %) < n-hexane (23.6 %) < tridecane (37.8 %) < isopropanol (99.7 %). Concerning the product distribution, benzene, cyclohexane, and cyclohexanol were obtained as the main products for all solvents.

HDO of model molecules representative of theα α α α-O-4 bond

Non-acidic supports

BPE is reported to be the most reactive of the three ethers mentioned above. Its hydrogenolysis is expected to yield phenol and toluene.

He et al. [55] investigated the role of a 70% wt.% Ni/SiO2 catalyst in the conversion of BPE using undecane and water (250 °C and 40 bar of H2). The Ni particles catalyzed both the hydrogenolysis of the Caliph-O bond of BPE and the hydrogenation of phenol after cleavage. Regardless of the polarity of the solvent, the main products formed were toluene, phenol, cyclohexanone, cyclohexanol, and alkylated products (Fig. 7). In comparison with the experiment without catalyst described above, lower quantities of the alkylated products were detected, indicating that in the presence of a catalyst, the conversion of BPE by hydrogenolysis was faster than the pyrolysis and hydrolysis routes. At lower pressure and temperature (120 °C, 6 bar of H2, water) over 57 wt. % Ni/SiO2 [56] , toluene and phenol were mainly formed, with minor production of cyclohexanone and cyclohexanol. In this case, alkylated products were not observed. BPE was also selectively converted into phenol and toluene over NiMoS2/C at 300 °C, under 50 bar of H2 in dodecane [116] . However, in this case, the hydrogenation of phenol after C-O cleavage was not observed.

The conversion of BPE in the absence of molecular hydrogen was evaluated over Pd/C [110] and Ru/C [111] at 180 and 240 °C, respectively. Methanol, ethanol, and Isopropanol were the solvents used as hydrogen source.

In both cases, isopropanol exhibited higher activity than the other alcohols producing phenol and toluene as the main product.

In conclusion, when the support of the catalyst is non-acidic, the conversion of BPE starts with the cleavage of the Caliph-O ether bond by hydrogenolysis on metal particles, to produce toluene and phenol. The same was observed in the presence or absence of an external H2 source. Phenol can be partially hydrogenated, but deoxygenation does not take place, which is likely due to the absence of acid sites. Furthermore, catalytic hydrogenolysis is favored for thermal cleavage of the C-O bond, and the selectivity to alkylated products decreases compared with the reaction without a catalyst.

Acidic supports

Some acidic supports have been tested without a metallic phase. Yoon et al. [59] studied the performance of silica-alumina aerogel (SAA) containing different Al/(Si + Al) ratios (0.38, 0.57, and 0.73 mol/mol), as well as silica aerogel (SA) and alumina aerogel (AA), for the conversion of BPE in n-decane (100 °C, 5 bar H2). Only SAA-38 and SAA-57, the materials with the highest amount of Brønsted acidic sites, were active in BPE conversion.

Both were highly selective to the formation of alkylated products, 2 and 4-BPH, benzyl-toluene, diphenylethane, and dibenzylphenols. The authors proposed that Brønsted acidic sites were responsible for the production of 2 and 4-BPH through Claisen rearrangement. Only trace amounts of toluene were detected. It was suggested that adsorbed toluene would rapidly react with phenol or toluene to produce dibenzylphenols (through the combination of one phenol and two toluenes), and benzyl-toluene and diphenylethane (by the combination of two toluenes). To prove the influence of Brønsted acidic sites in the conversion of BPE, a control experiment using SAA-38 and 2,6di-tert-butylpyridine (an organic base that blocks Brønsted sites) was performed. The addition of 0.18 µmol of 2,6di-tert-butylpydine decreased the conversion of BPE from 93.0 to 6.4 %, with 2-BPH formed as the main product.

He et al. [55] investigated the influence of acidic sites on the conversion of BPE in water (250 °C, 40 bar H2) using two different amounts of HZSM5 zeolite. Phenol, benzyl alcohol, and dimers were produced, regardless of the amount of catalyst. However, the product distribution varied significantly. Increasing the amount of acidic catalyst increased the selectivity of alkylated products and decreased the formation of phenol and benzyl alcohol.

These results confirm that in the absence of a metal in water, hydrolysis and alkylation are the major reaction pathways in the presence of acidic sites. The authors also studied the effect of both metal and acidic sites within the same catalyst (10 wt.% Ni/HZSM5). The hydrogenolysis reaction to phenol and toluene catalyzed by metallic

Ni particles was the main pathway for the cleavage of the C-O bond from BPE, while the hydrolysis to phenol and benzyl alcohol, catalyzed by the acidic sites of the zeolite and by protons from water dissociation, was a minor route. The role of the acidic sites is also evidenced when the product distribution obtained with Ni/SiO2 and Ni/HZSM5 catalysts are compared. Hydrolysis products were only formed over Ni/HZSM5, and the selectivity to alkylated products was higher for this bifunctional catalyst.

Zhao and Lercher [60] studied the role of metal and acidic sites in the conversion of BPE at 200 °C, under 50 bar of H2 in water. The reaction was first performed over HZSM5 alone, which mainly produced 2-BPH and phenol. When the reaction was carried out in the presence of HZSM5 and Pd/C simultaneously, the alkylation pathway was suppressed, confirming that hydrogenolysis on Pd was predominant over the hydrolysis-alkylation route. At the same time, only deoxygenated products (cyclohexane and methylcyclohexane) were formed. The authors proposed that the Caliph-O bond of BPE was first cleaved over palladium particles, producing phenol and toluene, which were rapidly hydrogenated to cyclohexanol and methylcyclohexane, respectively, over the metal sites. The acidic sites of HZSM5 catalyzed the dehydration of cyclohexanol to cyclohexene, which was hydrogenated to cyclohexane on the metal. The performance of 10 wt.% Ni/HZSM5 was also evaluated in the same reaction conditions but using undecane as solvent. BPE was mainly converted into phenol (19.4 %), toluene (32.4 %), and alkylated products (32.4 %). In this case, the alkylated products were formed through pyrolysis and free radical reactions.

The activity of the 20 wt.% Ni/HZSM5 catalyst for the conversion of BPE at 250 °C, under 50 bar of H2 in water was also evaluated. [61] The main products were cyclohexane (42 %), methylcyclohexane (36 %), and toluene (18 %). Compared to the tests with BPE over 10%Ni/HZSM5 [55] , in the same solvent and temperature conditions, the higher loading of Ni used by Zhao and Lercher [61] enhanced the hydrogenation of phenol and toluene produced by the C-O cleavage of BPE. After hydrogenolysis, phenol was hydrogenated to cyclohexanol, and toluene to methylcyclohexane. Then, cyclohexanol was dehydrated to cyclohexene by the acidic sites of HZSM5. Finally, cyclohexene was hydrogenated to cyclohexane over the metal sites. In this case, alkylation products and benzyl alcohol, formed by hydrolysis of BPE, were not observed.

Zhao et al. [62] evaluated the performance of both palladium and nickel supported over HZSM5 for the conversion of BPE, (220 °C, 20 bar of H2, n-hexane). The main products were methylcyclohexane (44.7 %), cyclohexane (29.4 %), and cyclohexanol (17.1 %). However, the reaction of BPE over the monometallic catalysts was not carried out, which makes the comprehension of the role of each metal difficult.

Zhang et al. [63] studied the BPE conversion over 1 wt. % Ru/HZSM5 at 200 °C, under 50 bar of H2in water. The complete conversion was achieved and BPE was transformed into cyclohexane (34.5 %), methylcyclohexane (48.8 %), and t-butylcyclohexane (13 %). In comparison to the 10%Ni/HZSM5 catalyst tested in the same pressure conditions [55] , Ru promoted the complete hydrogenation of phenol and toluene formed via the hydrogenolysis step, while phenol and toluene remained unreacted over the Ni-based catalyst. This result demonstrates the significant role of the type of metal on the BPE conversion. The unexpected formation of tbutylcyclohexane was not explained by the authors.

Toluene and benzene were the main products formed from HDO of BPE over CoMo/SZ (300 °C, 20 bar of H2, in decalin) [57] and Ru/Nb2O5-SiO2 (230 °C, water/isopropanol mixture, without external H2) [58] . For both were the main products observed over Rh/Nb2O5 (260 °C, 10 bar of H2) in n-decane, after 1h [70] . At the beginning of the reaction, toluene and hydroquinone were obtained by hydrogenolysis of the Caliph-O bond. After 20 min, the yield of hydroquinone decreased whereas the yield of benzene increased, indicating that the hydrogenolysis of the Carom-O bonds of hydroquinone took place to produce benzene. In contrast to hydroquinone, the yield of toluene remained constant during the entire reaction time. The authors suggested that the reaction occurred at the metal-NbOx perimeter sites. Rh particles were responsible for the dissociation of H2 and the activation of C-O bonds took place on NbOx species that decorate the surface of Rh particles.

In similar reaction conditions (280 °C, 10 bar H2, octane), cyclohexane (selectivity = 50.8%), methylcyclohexane (selectivity = 19.5%), and toluene (selectivity = 13.3%) were the main products observed after complete conversion of 4-BOP over Pt/TiO2 [69] . The authors did not discuss the reaction pathway for the products formation but proposed that the high activity of this catalyst for C-O bond cleavage, as well as for the direct deoxygenation, is due to the highly dispersed Pt particles obtained by using the photochemical method for catalyst preparation. Cyclohexane and methylcyclohexane were also the main products observed for the conversion of 4-BOP over Ru/TiO2 (260 °C,10 bar of H2) [117] and Ru/TiO2-CeO2 (230 °C, 10 bar H2) [72] in octane. Bicyclohexane, cyclohexanol, and 1-cyclohexyl-2-methylcyclohexane were detected to a small extent. Although the mechanism was not suggested in both works, the authors proposed that the addition of CeO2 increased the number of oxygen vacancies, which improved the adsorption of oxygen groups onto the surface of the catalyst. The oxygen vacancies combined with the high Ru dispersion and acidic sites enhanced the HDO efficiency.

In the aqueous phase, Ru/HZSM5 and Pd/C in the presence of HZSM5 were used to study the conversion of 4-BOP at 200°C, under 50 bar of H2 by Zhang et al [63] and Zhao and Lercher [60] , respectively. In both works, cyclohexane and methylcyclohexane were the main products. However, over Ru/HZSM5, the formation of isopropyl cyclohexane was also observed. Zhao and Lercher proposed that the conversion of 4-BOP started by its hydrogenolysis catalyzed by the Pd sites, to form toluene and hydroquinone. The hydrogenation of hydroquinone and dehydration was catalyzed by the metal and acidic sites of the zeolite, respectively, producing cyclohexane, while the hydrogenation of toluene led to methylcyclohexane. The authors proposed that the formation of isopropyl cyclohexane occurred because of an acid-catalyzed transalkylation over HZSM5, followed by the isomerization of substituted cyclohexanes on the strong Brønsted acidic sites of the zeolite.

Scheme 1 shows the main reaction pathways for BPE conversion reported in the literature. As previously mentioned, BPE can be cleaved without a catalyst into benzyl and phenoxy radicals (non-polar solvent) or into phenol and benzyl alcohol (aqueous phase). After cleavage, the intermediates formed can recombine or react with BPE to form dimers and trimers, respectively. In the presence of bare acidic support (SAA and HZSM5), the same products can be observed. In the presence of a metal, the BPE conversion mainly proceeds via hydrogenolysis, to produce toluene and phenol. Then, depending on the reaction conditions, the hydrogenation of toluene produces methylcyclohexane, whereas phenol can be hydrogenated to cyclohexanone/cyclohexanol or, in some cases, converted into benzene by direct hydrogenolysis of Carom -O bond, due to the presence of oxophilic sites. It was observed that the hydrogenation of phenol occurred faster than the hydrogenation of toluene. In general, the hydrogenation step was favored over Ru and Pd-based catalysts compared with Ni-based ones. The presence of acidic sites is fundamental for the dehydration of cyclohexanol and the production of the deoxygenated product (cyclohexane). Moreover, the presence of Brønsted acidic sites promoted the formation of alkylated products, 2 and 4-BPH, though this route is predominant only in the absence of a metallic phase.

HDO of model molecules representative of β β β β-O-bond

Non-acidic supports

The conversion of PEB has been extensively studied in the literature because the β-O-4 bond is the main ether linkage present in the lignin structure. The reactivity of this linkage is intermediate between that of BPE and DPE. The hydrogenolysis of the Caliph-O bond of PEB produces phenol and ethylbenzene.

He et al. [56] studied the relationship between the rate of hydrogenolysis of the Caliph-O bond of PEB and the Ni particle size for 40 wt. % Ni/SiO2 (120 °C, 6 bar of H2, in water). Ni/SiO2 catalysts calcined at various temperatures were prepared to obtain different Ni particle sizes (Fig. 8A). The TOF for the hydrogenolysis of PEB is plotted as a function of the Ni particle size in Fig. 8B. The TOF increased and achieved a maximum at around 5.9 nm and then slightly decreased, indicating that the hydrogenolysis of the Caliph-O bond of PEB is a structuresensitive reaction. Reproduced with permission. [56] Copyright Copyright 2012, ACS Publications

The conversion of PEB over 57 wt.% of Ni/SiO2 (120 °C, 6 bar of H2 in water) produced mainly cyclohexanol and ethylbenzene, with a small amount of ethylcyclohexane and a product of partial hydrogenation of PEB [56] . The authors proposed that the metal catalyzed the hydrogenolysis of the Caliph-O bond of PEB, producing phenol and ethylbenzene. But phenol was not detected, which suggests that it was rapidly hydrogenated to cyclohexanol on Ni particles. Ethylcyclohexane was formed by the hydrogenation of ethylbenzene.

Deoxygenation did not occur due to the absence of catalyst acidity.

Luo and Zhao [73] compared the performance of Ru, Pd, and Pt supported on activated carbon for the conversion of PEB (240 °C, 8 bar of H2, in water). For Ru/C, the main products formed were ethylbenzene, phenol, and cyclohexanol/cyclohexanone. While phenol was rapidly converted to cyclohexanol, ethylbenzene remained unreacted, and the high conversion of phenol was attributed to the stronger adsorption of the OH group onto the metal sites, as well as by the larger solubility of phenol in water. The same products were observed for Pd/C, whereas cyclohexanol was not formed over Pt/C. Ru/C and Pd/C exhibited a higher activity for the C-O bond cleavage but in general, all metals presented low hydrogenation activity.

Song et al. [74] also investigated the effect of the type of metal on the conversion of PEB over Ru, Pd, and Ni supported over activated carbon. The reaction was carried out at 150 °C, 20 bar of H2, in methanol as a solvent.

Cyclohexanol, ethylcyclohexane, and the fully hydrogenated product of PEB were formed for all catalysts. In addition to these products, methoxycyclohexane and cyclohexyl methanol were also produced for Pd/C. The selectivity to the products of Caliph-O bond cleavage followed the order: Ni (85%) > Pd (69%) > Ru (40%). Ru mainly promoted PEB hydrogenation. In contrast, products of PEB hydrogenation were not observed by Luo and Zhao [73] .

The hydrogen pressures used in the two works suggest that it is the higher hydrogen pressure (20 bar) that favored the complete hydrogenation of PEB.

Regarding the results discussed so far, over non-acidic catalysts, the conversion of PEB may follow two reaction pathways, depending on the H2 pressure and the type of metal: (i) the hydrogenolysis of the Caliph-O bond to produce ethylbenzene and phenol; (ii) the full hydrogenation of PEB into (2-(cyclohexylethoxy) cyclohexane). At low hydrogen pressure, PEB is mainly converted into ethylbenzene and phenol by hydrogenolysis, while at high hydrogen pressure, the hydrogenation of the intermediates formed after hydrogenolysis, as well as the hydrogenation of PEB aromatic rings, are favored. The hydrogenation of phenol is faster than that of ethylbenzene; the same trend was found for phenol vs. toluene in the case of BPE. Concerning the type of metal, it was not possible to draw a general conclusion about its effect on PEB conversion over non-acidic catalysts, since very different reaction conditions were used in the works discussed. Finally, deoxygenation does not take place due to the absence of acidic sites.

Acidic supports

Guan et al. [70] evaluated the effect of Pd, Rh, Pt, and Ru supported over niobium oxide in the conversion of PEB at 260 °C, 10 bar of H2 in n-decane. Over bare Nb2O5, PEB was selectively converted (~50 %) into phenol and ethylbenzene. Among the supported catalysts, Pd/Nb2O5 and Rh/Nb2O5 produced only deoxygenated products. Ethylbenzene, benzene, and cyclohexane were mainly formed in both cases, however, Rh/Nb2O5 exhibited the highest selectivity to aromatic products (ethylbenzene and benzene). For Pt/Nb2O5 and Ru/Nb2O5, besides the products mentioned to Pd and Rh, phenol was detected. In addition, toluene, ethylcyclohexane, and methylcyclohexane were also detected to a minor extent for all catalysts. The authors proposed that the cleavage of PEB occurs mainly by the hydrogenolysis of its Caliph-O bond to form ethylbenzene and phenol. Then, ethylbenzene was hydrogenated to ethylcyclohexane by the metal sites, while phenol was directly deoxygenated into benzene by hydrogenolysis. Finally, cyclohexane can be formed from benzene hydrogenation. The highest selectivity to benzene over Rh/Nb2O5 was attributed to the cooperation between Rh, responsible for the dissociation of H2, and NbOx species in charge of activating the C-O bond.

The conclusions from Song et al. [57] ,using cobalt molybdenum sulfide catalysts supported over sulfated zirconia for the conversion of PEB (300 °C, 20 bar of H2, decalin)were quite similar. The main products were ethylbenzene and benzene, but a small yield of phenol was also observed at the end of the reaction. As mentioned above for BPE, the authors proposed that the hydrogenolysis of the Caliph-O bond of PEB was facilitated by the generated S-H bond on CoMo sulfide sites. Then, the hydrogenolysis of the Carom-O bond (HDO) of phenol, producing benzene, was subsequently performed over the CoMo sulfide surface.

The conversion of PEB was performed over Ru/SZ at 240°C, 8 bar of H2, in water as solvent [73,75] . The main products formed at the beginning of the reaction were ethylbenzene and phenol, by hydrogenolysis of the Caliph-O ether bond, catalyzed by the metal sites(Fig. 9A). After 30 min of reaction, the yield of phenol decreased whereas the yield of benzene increased, indicating that phenol was converted into benzene. The amount of ethylbenzene remained stable during the whole reaction time. For Pd/SZ [73] (Fig. 9B), initially, the main products were ethylbenzene and cyclohexanone. After 40 min of reaction, the yield of cyclohexanone decreased while the yield of cyclohexanol increased. These results indicate that the metal promoted the hydrogenolysis of the Caliph-O bond of PEB, producing ethylbenzene and phenol. Then, phenol was converted into cyclohexanone/cyclohexanol by the hydrogenation of the aromatic ring of phenol, promoted by the metal. [73] . Reproduced with permission. Copyright 2015, Royal Society of Chemistry.

Ni supported on silica-alumina (30 wt. % of Ni) was used for PEB conversion at high temperature and H2 pressure (300 °C, 60 bar of H2) in dodecane [76] . After 2 h, a mixture of ethylcyclohexane (30 %), cyclohexane (40 %), and benzene/toluene (20 %) was mainly formed. The authors proposed that at high temperature, PEB was converted via: (i) the cleavage of the Caliph-O bond, to ethylbenzene and phenol; or (ii) the cleavage of the Carom-O bond, to benzene and 2-phenylethanol. Ethylcyclohexane and cyclohexane were formed by hydrogenation of ethylbenzene and benzene, respectively, probably because of the high H2 pressure. In addition, the authors suggested that cyclohexane could be formed from phenol via a hydrogenation/dehydration/hydrogenation sequence, and ethylcyclohexane by dehydration/hydrogenation of 2-phenylethanol.

Zhao and Lercher [61] studied the conversion of PEB over 20 wt.% Ni/HZSM5 at 250 °C, under 50 bar of H2 in water. The main products were cyclohexane (45 %), ethylbenzene (37%), and ethylcyclohexane (15 %). To a minor extent, alkylated products (1,2-dicyclohexylethane and 1-ethyl-3-methylcyclopentane) were also observed (3 %). The authors suggested that Ni promoted the cleavage of PEB to produce phenol and ethylbenzene. Then,

HDO of model molecules representative of 4 4 4 4-O-bond

5.1-Non-acidic supports

Among the ether linkages discussed in this review, 4-O-5 is the strongest and most stable ether bond, which makes DPE an attractive model molecule for studying challenging HDO reactions. Hydrogenolysis of DPE is expected to lead to phenol and benzene, but we will see that the hydroconversion of this deceptively simple molecule is not straightforward.

He et al. [56,86] used Ni/SiO2catalyst to study the conversion of DPE at 120 °C, under 6 bar of H2 in water.

At the beginning of the reaction, cyclohexanol (selectivity = 65 %), benzene (selectivity = 25 %), and cyclohexyl phenyl ether (selectivity = 10 %) were detected. As the reaction progressed, the yield of cyclohexanol and benzene increased, while the yield of cyclohexyl phenyl ether decreased to zero. After 11 h, cyclohexanol, benzene, and cyclohexane were the only products observed. Considering that the selectivity to cyclohexanol was much higher than that to benzene, the authors proposed that the conversion of DPE occurred mainly by two parallel reactions:

(i) DPE hydrogenolysis to form phenol and benzene; and (ii) DPE hydrolysis to produce two molecules of phenol.

Cyclohexanol and cyclohexane were formed by phenol and benzene hydrogenation. Ru, Pt, and Pd supported over carbon were tested for the conversion of DPE at 120 °C in isopropanol used as the only source of H2 [87] . Pd promoted only the hydrogenolysis of DPE, while Ru and Pt were able to hydrogenate the intermediates formed from the cleavage of the Caliph-O bond. Over Ru/C, DPE was completely converted into cyclohexanol, benzene, and cyclohexane. Cyclohexane and cyclohexanol were formed through benzene and phenol hydrogenation, respectively. Over Pt/C,77.6 % of DPE was converted to the same products; however, phenol was not completely transformed into cyclohexanol. Pd/C showed the lowest conversion (4.2 %) and the only products formed were phenol and benzene. Regarding the catalytic test over Ru/C, the authors suggested that Ru can coordinatively bind to the free electron pairs of the oxygen atom of DPE, promoting its cleavage into phenoxide and phenyl radicals, which can be subsequently hydrogenated at the surface of Ruby active hydrogen from isopropanol, to form benzene and phenol.

Wu et al. [88] evaluated the activity of Pd/C, Pt/C, Ru/C as well as Ru/C modified by Cl, Br, and I atoms for the conversion of DPE at 120 °C under 5 bar of H2, in methanol. Among the unmodified catalysts supported over carbon, Ru showed the highest activity for the cleavage of the Carom-O bond of DPE, and the highest selectivity to cyclohexane and cyclohexanol (79.2 %). Over Pd/C, 58.4 % of DPE was converted, and the main product was cyclohexyl phenyl ether (selectivity = 84.8 %) obtained by the partial hydrogenation of the DPE aromatic rings.

Finally, Pt/C showed the lowest conversion of diphenyl ether (3.3 %). Compared to the previous work [87] , which used the same catalysts (Pd/C, Pt/C, and Ru/C) also at 120 °C, the external source of hydrogen promoted the partial and complete hydrogenation of diphenyl ether over metal sites.

After this metal screening, the authors evaluated the conversion of DPE over Ru/C modified with Cl, Br, and I. Based on previous studies [120,121] , the authors selected these elements to avoid the hydrogenation of aromatic rings of DPE. Over Cl-Ru/C, phenol and benzene were not completely hydrogenated after DPE hydrogenolysis, but cyclohexane (selectivity = 35.6 %) and cyclohexanol (selectivity = 31.9 %) were still the main products formed.

Products from the hydrogenation of DPE aromatic rings were observed in small amounts. Over Br-Ru/C, phenol (selectivity = 45.6 %) and benzene (selectivity = 44.7 %) were the main products. Finally, I-Ru/C was not active to convert DPE in these reaction conditions. The authors concluded that the presence of Br almost fully inhibited the hydrogenation of aromatic rings due to the intermediate interaction between Br and Ru, and to the bromine selective adsorption on the catalyst surface.

Guvenatam et al. [90] studied the performance of Pt/C for the conversion of DPE at 200°C, 20 bar of H2 in water as a solvent. Cyclohexane and cyclohexanol were the main products formed, but dicyclohexyl ether and cyclohexanone were also observed in minor amounts. The authors proposed that the hydrogenation of the DPE aromatic rings toward dicyclohexyl ether occurred in competition with DPE hydrogenolysis into cyclohexanone and cyclohexane, catalyzed by Pt sites.

Wang et al. [91] evaluated the performance of Pd/C, Pt/C, and Ni/SiO2 in the conversion of DPE at 200 °C, under 40 bar of H2 in water. All catalysts were compared in a conversion range higher than 92 %. The authors observed that over Pd/C, DPE was preferentially cleaved by hydrolysis to produce phenol and cyclohexanone, while over Pt/C and Ni/SiO2, the hydrogenolysis of DPE into cyclohexene and benzene occurred as the main reaction pathway. In addition, the conversion of DPE over Pd/C was also evaluated in decalin as a solvent using the same reaction conditions. In this case, the authors reported that the hydrogenation of the aromatic rings accounted for more than 95 % of selectivity and that C6-oxygenated compounds (phenol, cyclohexanol, and cyclohexanone) were produced in the same quantity as the sum of benzene and cyclohexane.

Zhang et al. [92] evaluated the performance of Co/CeO2 and of the bimetallic RuCo/CeO2 for the conversion of DPE at 200 °C, under 20 bar of H2 in decalin. Over 2 % Co/CeO2, after 160 min, only 14.5 % of DPE was converted into benzene (43.1 %) and cyclohexanol (43.9 %) as main products. After increasing the Co content to 5 wt. %, DPE was fully converted at the same reaction time, with benzene and cyclohexanol as the main products.

As the conversion increased, the yield of benzene increased to a maximum of 27.4 % (80 % of conversion), then gradually decreased, while the yield of cyclohexane increased. In contrast, the yield of cyclohexanol linearly increased when the DPE conversion increased. The authors proposed that, first, the hydrogenolysis of DPE took place to produce phenol and benzene. Phenol was easily hydrogenated to cyclohexanol, while cyclohexane was formed by benzene hydrogenation, more slowly. Considering the low amount of cyclohexyl phenyl ether and dicyclohexyl ether, the hydrogenation of the DPE aromatic rings occurred only to a minor extent.

When the Co-based catalyst was promoted with a very low quantity of Ru (0.01Ru1.99Co/CeO2), the same products were observed. However, a high amount of cyclohexane was formed. Considering the calculated TOF, the catalyst promoted with ruthenium was 4 times more active than Co/CeO2 catalysts. The authors proposed that the presence of a small amount of Ru could enhance the reduction of cobalt oxide during the catalyst preparation, resulting in more metallic Co active sites. In addition, the presence of Ru could increase the effect of H2 spillover, which improved the hydrogenolysis of the Carom-O bond of DPE and the hydrogenation steps.

Paone et al. [100] investigated the HDO of DPE using different hydrogen donor solvents (methanol, ethanol, and isopropanol) or molecular H2 over Ru/C and Pd/C catalysts at 210 o C. In the presence of molecular hydrogen, cyclohexane was the main product formed whereas benzene and cyclohexanol were mainly produced under isopropanol, indicating that the hydrogenation of the ring was promoted by the molecular hydrogen. Regarding the metal activity, Ru was more active than Pd when isopropanol was used, however, the conversion of DPE strongly decreased when methanol and ethanol were used as solvents.

Concerning the results presented above, DPE can be mainly cleaved by two different reaction pathways over non-acidic catalysts: (i) through direct hydrogenolysis into benzene and phenol, or (ii) via conventional hydrolysis to produce 2 molecules of phenol. In general, the intermediates formed are hydrogenated to produce cyclohexanol and cyclohexane. In addition, depending on the reaction conditions, the hydrogenation of the DPE aromatic rings may also occur.

Acidic supports

DPE conversion was studied by Wang and Rinaldi [93] over Raney Ni and Ni-based catalysts (5 wt.%)supported on different oxides (Al-SBA-15, Al2O3, and ZrO2), in methylcyclohexane (200 °C, 50 bar of H2).

The complete conversion was achieved with almost all the catalysts. Over Raney Ni, Ni/Al2O3, and Ni/ZrO2, DPE was mainly converted into dicyclohexyl ether, cyclohexanol, and cyclohexane. Over Ni/Al-SBA-15, complete deoxygenation was achieved; cyclohexane (98 %) and 1,1-bicyclohexyl (2%) were the only products formed. The reaction pathway was not proposed. However, the authors highlighted that by combining Ni with Al-SBA-15, which exhibited high acidity, DPE could be converted into cyclohexane from the dehydration of cyclohexanol. In the less acidic catalysts, the partial and full hydrogenation of DPE aromatic rings do not occur.

Song et al. [57] evaluated the performance of cobalt molybdenum sulfide supported over sulfated zirconia for the conversion of DPE at 300 °C, under 20 bar of H2 in decalin. Benzene and phenol were the only products formed. As was the case for the other ethers, the authors suggested that the hydrogenolysis of the Carom-O bond of DPE, producing phenol and benzene, was facilitated by the generated S-H sites on the CoMo sulfide phase.

Shao et al. [94] tested palladium supported on Nb2O5/SiO2 (4 wt.% of Pd and 10 wt.% Nb2O5) for the conversion of DPE at 170 °C, under 25 bar of H2 in dodecane. After 24 h, DPE was completely converted to cyclohexane. The authors did not discuss the reaction pathway but proposed that NbOx species could efficiently promote the Carom-O cleavage of DPE and assist the hydrodeoxygenation process.

Jiang et al. [95] evaluated the activity of Ni, Co, and Cu supported on niobium oxide for the conversion of DPE at 220 °C, under 10 bar of H2 in isopropanol. The DPE conversion increased as follows: Cu/Nb2O5 (60.7 %)

< Co/Nb2O5 (67.8 %) < Ni/Nb2O5 (99.7 %). The main products observed were benzene, cyclohexane, phenol, and cyclohexanol. The authors proposed that first, DPE was mainly broken into phenol and benzene by hydrogenolysis, followed by their hydrogenation into cyclohexanol and cyclohexane, respectively. To a minor extent, DPE was partially hydrogenated to form cyclohexyl phenyl ether, which can undergo two reactions: (i) its hydrogenolysis to form cyclohexane and phenol, or benzene and cyclohexanol; and/or (ii) its hydrogenation into dicyclohexyl ether, and further hydrogenolysis into cyclohexane and cyclohexanol. The authors highlighted that the acidity of Nb2O5 was low and it did not promote the dehydration of cyclohexanol to cyclohexene.

Rhodium supported over niobium oxide was employed by Guan et al. [70] to study the conversion of DPE (260 °C,10 bar of H2,n-decane). At the beginning of the reaction, the main products were benzene and phenol formed by the hydrogenolysis of DPE. As the reaction progressed, it was possible to observe that the selectivity to phenol progressively decreased while the selectivity to benzene increased, indicating that benzene was also formed by hydrogenolysis of the Carom-O bond of phenol. The authors proposed that the NbOx species were responsible to activate the Carom-O bond.

Jin et al. [96] studied the conversion of DPE over Ni-based catalysts supported on niobium phosphate, zirconium phosphate, and Zr-doped niobium phosphate at 180 °C, under 5 bar of H2 in n-decane. Over Ni/NbPO4, DPE was converted (14.7 %) producing phenol (selectivity = 38.2 %), benzene (selectivity = 47.0 %), and cyclohexane (selectivity = 14.8 %). The authors suggested that due to its low acidity and large Ni particle size (24 nm), Ni/NbPO4 favored the hydrogenolysis of DPE into phenol and benzene, followed by the hydrogenation of benzene to cyclohexane. Over Ni/ZrNbPO4, the conversion of DPE increased up to 59 % and its higher activity was attributed to the smaller Ni particle size (17 nm) responsible for hydrogenation and moderate acidity responsible for hydrogenolysis and deoxygenation. Initially, benzene, phenol, and cyclohexanol were formed. As the reaction progressed, the yield of phenol decreased while the yield of cyclohexanol increased. A small yield of cyclohexyl phenyl ether (CPE) was also observed, indicating that the partial hydrogenation of DPE occurred. After 4 h, the yield of cyclohexanol produced from phenol or by hydrogenolysis of CPE started to decrease, and the yield of cyclohexane increased, showing that the dehydration of cyclohexanol was taking place. Finally, due to its higher acidity and even smaller Ni particle size (12 nm), Ni/ZrPO4 exhibited the highest DPE conversion (70 %). At the end of the reaction, cyclohexane (selectivity = 57.3 %) and benzene (selectivity = 35.7 %) were the major products formed.

authors proposed that DPE was mainly cleaved to produce benzene and phenol, followed by further hydrogenation to form cyclohexane and cyclohexanol.

Scheme. 2.3 summarizes all the reaction pathways proposed in the literature for the conversion of DPE.

As reported for PEB, the conversion of DPE is not affected by the solvent, and over bare supports (SiO2 and HZSM5), DPE remains unreacted independently of the type of solvent used, polar or non-polar (Section 2.1.).Depending on the reaction conditions, DPE can be cleaved following three different reaction pathways: (i) hydrogenolysis to produce phenol and benzene; (ii) hydrolysis into two molecules of phenol; or (iii) the partial and full hydrogenation of the aromatic rings of DPE often occurs, to form cyclohexyl phenyl ether (CPE) or dicyclohexyl ether (DCE). Over non-acidic catalysts, phenol can be hydrogenated to cyclohexanol, while benzene can be hydrogenated to cyclohexane, but this reaction is usually slower than the former. Over acidic supports, cyclohexanol can be transformed into cyclohexane via dehydration/hydrogenation steps, as was seen above for the other ethers. In addition, over Nb2O5 and SZ, phenol can be directly converted into benzene and cyclohexane can be formed via hydrogenation of benzene.

Following the partial and full hydrogenation of DPE aromatic rings. It has been suggested that the ether bond from these molecules can also be cleaved: CPE -either via reductive hydrolysis to form phenol and cyclohexanone, or by hydrogenolysis of the Caliph-O bond to phenol and cyclohexane, and DCE-hydrogenolysis into cyclohexanol and cyclohexane, but this route seems to be more difficult and takes place depending on the reaction conditions.

Conclusions and perspectives

Only a few papers show the progress of the reaction according to the conversion as a function of time, which makes it difficult to establish the reaction pathways. Published studies also used different reaction conditions (temperature, hydrogen pressure, and solvent), which significantly affect the reaction pathways and make a reliable comparison of the results and an assessment of the balance between the competing pathways difficult. There are only a few works in which different metals and supports are compared under the same conditions, and the effects of the nature of the metal and the acidity of the support on the parallel and successive steps of the HDO reaction cannot be delineated.

Regarding the reaction conditions, it was possible to conclude that regardless of the molecule, the hydrogenolysis of the C-O bond and the formation of cyclohexane were favored at high temperatures. However, the effect of hydrogen pressure is dependent not only on the type of C-O bond but also on the catalysts employed. In general, for the molecules presenting α-O-4 or β-O-4 linkages, the conversion starts with the hydrogenolysis of the Caliph-O bond, promoted by the metal. However, it was observed that in water, BPE could be cleaved by hydrolysis in a minor pathway because of its higher reactivity. On the other hand, the cleavage of the Carom-O bond in DPE can occur by hydrogenolysis or hydrolysis depending on the reaction conditions. In addition, it could be observed that the hydrogenolysis of BPE does not compete with the hydrogenation of the substrate, as could be noticed for PEB and DPE at high hydrogen pressure.

It can be summarized though that a better performance is often linked to a bifunctional catalyst, in which metal sites are responsible for the ether hydrogenolysis and hydrogenation of the intermediates formed after cleavage of the Caliph-O bond, while the acidic sites promote the dehydration step necessary to produce cyclohexane. The formation of deoxygenated compounds (benzene and cyclohexane), can also be promoted via direct hydrogenolysis of the Carom-O bond of phenol catalyzed by oxophilic sites, however, this property was not well discussed in the works presented. In addition, side reactions include alkylation reactions, caused by thermal activation or by assistance of acidic sites; and partial hydrogenation of the initial substrate, especially for the ethers that exhibit a lower reactivity toward hydrogenolysis (DPE).

To maximize the yield of deoxygenated products and to disfavor side reactions, further research is needed on the design of catalysts as well as catalytic systems to turn the hydrodeoxygenation reactions more efficient. After analyzing the literature, it was concluded that high temperature and low hydrogen pressure can lead to a large yield of cyclohexane and avoid parallel reactions. About the catalysts, acidic supports were required to produce deoxygenated products but from the existing literature, it was not possible to generalize the effect of the type of metal. Therefore, it is essential to develop studies to deepen the role of acidic and oxophilic sites in hydrodeoxygenation reactions employing less hydrogen and moderate temperatures.
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 1 Figure 1. Representation of a softwood and hardwood lignin structure.

Figure 2 .

 2 Figure 2. Model molecules representative of the main ether linkage present in the lignin structure.

  different mechanisms of C-O bond cleavage. For PEB (β-O-4) and BPE (α-O-4), it proceeds through the hydrogenolysis on the metal particle, whereas the C-O bond cleavage of DPE (4-O-5) occurred both via hydrogenolysis and hydrolysis, which increased the apparent conversion rate.
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 3 Figure 3. (a) Arrhenius plots [ln (TOF) vs 1/T] for three model molecules compounds. (b) Relationship between apparent activation energy and BDE for the three model compounds. Reaction conditions: H2O, 6 bar of H2, 57% Ni/SiO2. Reproduced with permission.[56] Copyright 2012, ACS Publication.

  the impact of the hydrogen pressure on the conversion of model molecules representative of α-O-4, β-O-4, and 4-O-5 linkages (BPE, PEB, and DPE) in H2O, at 120 °C, over Ni/SiO2(Fig. 4). There is no reaction in the absence of H2, regardless of the molecule. When increasing the hydrogen pressure up to 6 and 10 bar, the rate of cleavage of the β-O-4 and 4-O-5 bonds increased. A further increase of pressure decreased the reaction rate. This indicates that hydrogen and the substrate compete for the active sites at high pressure. In contrast, the rate of the C-O bond cleavage of the molecule representative of the α-O-4 linkage continuously increased up to 80

Figure 4 .

 4 Figure 4.TOFs measured at 120°C for the conversion of model molecule representative of α-O-4, β-O-4, and 4-O-5 over Ni/SiO2.Reproduced with permission.[56] Copyright 2012, ACS Publications
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 5 Figure 5. (a) TOFs of C-O bond cleavage of DPE over Ni/SiO2 as a function of hydrogen pressure. (b) Products distribution from DPE conversion as a function of hydrogen pressure. Reaction conditions: substrate (1.70 g), 57 wt% Ni/SiO2 (0.10 g), 120°C of H2, water(80 mL). Reproduced with permission.[86] Copyright 2014, Elsevier.
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 7 Figure 7. Reaction pathway for the conversion of BPE over Ni/SiO2 at 250 °C and 40 bar of H2.

  catalysts, it was proposed that phenol and toluene were formed by hydrogenolysis of the Caliph-O bond of BPE, and benzene was produced by the direct cleavage of the Carom-O bond of phenol. Over CoMo/SZ, the authors suggested that the hydrogenolysis of the Caliph-O bond of BPE was facilitated by the generated S-H bond on the CoMo sulfide phase. The authors highlighted that the Lewis acidic sites of ZrO2 (Zr 4+ cations) facilitated the adsorption of oxy compounds like BPE and increased the dispersion of CoMoS, which enhanced the hydrogenolysis activity. Although Brønsted acidic sites were present at the surface of CoMo/SZ, the role of these sites on the conversion of BPE was not established by the authors. For Ru/Nb2O5-SiO2, the author proposed that the NbOx species could promote the cleavage of the Carom-O bond and the formation of benzene. In addition to BPE, the conversion of 4-(benzyloxy) phenol (4-BOP), another model molecule representative of theα-O-4 linkage, has been studied in the literature over acidic supports. Toluene and benzene

Figure 8 :

 8 Figure 8: (a) TEM images of Ni/SiO2 catalysts prepared by the deposition-precipitation method, at different calcination temperatures. (b) TOF as a function of Ni particle size for the C-O bond cleavage of PEB, at 120 °C under 6 bar H2 in water.Reproduced with permission.[56] Copyright Copyright 2012, ACS Publications
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 9 Figure 9: Conversion of PEB as a function of reaction time over (a) Ru/SZ and (b) Pd/SZ[73] . Reproduced with permission. Copyright 2015, Royal Society of Chemistry.

Figure 10 :

 10 Figure 10: Reaction pathway for the conversion of DPE over Ni/SiO2 (120 °C, 6 bar of H2 in water).

  According to the various and very different works found in the literature, different metals (mainly Ni, Pd, Pt, and Ru) supported on SiO2, C and acidic materials (SZ, Nb2O5, SiO2-Al2O3 and a large range of zeolite) have been widely used for the hydrodeoxygenation of dimeric aryl ethers (mainly benzyl phenyl ether -BPE, phenethoxybenzene -PEB, and diphenyl ether -DPE) representative of the main ether linkages present in the lignin structure(α-O-4, β-O-4, and 4-O-5). The 4-O-5 aryl ether bond is stronger and less reactive than the α-O-4 and β-O-4 aliphatic bonds and consequently, it is the most difficult ether linkage to break, while the α-O-4 bond is the most reactive one. Due to the higher bond strengths of β-O-4 and 4-O-5, the dimeric aryl ethers representative of these bonds remains unreacted in the absence of catalysts.
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Table 1 :

 1 Catalysts and reaction conditions reported in the literature for the conversion of dimeric aryl ether representative of the ether linkage.

			Reaction			
			Conditions			
	Feedstock	Catalysts	T (°C)	P H2 (bar)	Solvent	Main products	Ref
						Phenol, toluene,	
		70% Ni/SiO2				cyclohexanol,	
						cyclohexanone, 2-	
	BPE		250	40	Undecane Water/	BPH (1) , 4-BPH	[55]
		HZSM5				Phenol, toluene,	
		10% Ni/HZSM5				alkylated products	
	BPE	57% Ni/SiO2	120	6	Water	Phenol, toluene.	[56]
	BPE	CoMoS/SZ (2)	300	20	Decalin	Benzene, toluene	[57]
	BPE	Ru/Nb2O5-SiO2	230	1	Water / Isopropanol	Benzene, toluene	[58]
	BPE	Silica-Alumina aerogel	150-250	5-40	n-decane	2-BPH, 4-BPH	[59]
	BPE	Pd/C and HZSM5	200	50	Water	methylcyclohexane Cyclohexane,	[60]
						Toluene,	
	BPE	20% Ni/HZSM5	150	20	Water	methylcyclohexane,	[61]
						cyclohexane	
						Cyclohexane,	
	BPE	Pd-Ni/HZSM5	220	20	n-hexane	methylcyclohexane,	[62]
						cyclohexanol.	
						Cyclohexane,	
	BPE	Ru/HZSM5	200	50	Water	methylcyclohexane,	[63]
						t-butyl cyclohexane	
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Table 1 :

 1 : Catalysts and reaction conditions reported in the literature for the conversion of dimeric aryl ether representative of the ether linkage (Continuation). Catalysts and reaction conditions reported in the literature for the conversion of dimeric aryl ether representative of the ether linkage (Continuation).

	BPE	Pd/C	180	1	Isopropanol	Phenol, toluene	[110]
	BPE	Ru/C	240	1	Isopropanol	Phenol, toluene	[111]
	4-BOP	Pd/C and HZSM5	200	50	Water	methylcyclohexane Cyclohexane,	[60]
	4-BOP	Ru/HZSM5	200	50	Water	methylcyclohexane Cyclohexane,	[63]
						Cyclohexane,	
	4-BOP	Pt/TiO2	280	10	Octane	methylcyclohexane,	[69]
						toluene	
	4-BOP	Rh/Nb2O5	260	10	n-decane	Toluene, benzene	[70]
	4-BOP	Ru/TiO2	260	10	Octane	methylcyclohexane Cyclohexane,	[71]
	4-BOP	Ru/TiO2-CeO2	230	10	Octane	methylcyclohexane Cyclohexane,	[72]
	PEB	40% Ni/SiO2 57% Ni/SiO2	120	6	Water	Ethylbenzene, phenol	[56]
	PEB	CoMoS/SZ	300	20	Decalin	phenol Ethylbenzene, benzene,	[57]
						Ethylbenzene,	
	PEB	20% Ni/HZSM5	250	20	Water	ethylcyclohexane,	[61]
						cyclohexane.	
		Pd/Nb2O5					
	PEB	Pt/Nb2O5 Rh/Nb2O5	260	10	n-decane	benzene, cyclohexane Ethylbenzene, phenol	[70]
		Ru/Nb2O5					
	PEB	Ru/C Pd/C Pt/C	240	8	Water	Cyclohexanol Ethylbenzene, phenol,	[73]
		Ni/C				Ethylcyclohexane,	
	PEB	Ru/C	150	20	Methanol	cyclohexanol,	[74]
		Pd/C				hydrogenated products	
		Ru/C				Ethylbenzene,	
	PEB	Ru/SZ	240	8	Water	cyclohexanol, benzene	[73,75]
		Pd/SZ					
	PEB	Ni/SiO2-Al2O3	300	60	Dodecane	ethylcyclohexane Cyclohexane,	[76]
						Phenol, 2-	
	PEB	Hβ Ni/Hβ	220	40	n-hexane	phenethylphenol ethylcyclohexane,	[77]
						cyclohexane	
					Hex-F-2-PrOH	Completely	
	DPE	Raney Ni	90	50	decalin n-heptane	cyclohexanol, hydrogenated products,	[85]
					Methylcyclohexane	cyclohexane	
	DPE	Ni/SiO2	200	6-40	Water	cyclohexane Benzene, cyclohexanol,	[56,86]

Table 2 :

 2 Products of the hydrogenolysis of DPE conducted in different solvents on Raney Ni. Reaction conditions: substrate (2.9 mmol), Raney Ni (100mg), 90 °C, 50 bar of H2[85] .

	Selectivity [%]
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ethylbenzene was hydrogenated to ethylcyclohexane, and the hydrodeoxygenation of phenol to cyclohexane took place by a sequential hydrogenation/ dehydration reaction, promoted by the metal and the acidic sites, respectively.

The formation of alkylated products was not elucidated.

Compared to the previous work, which used Ni supported over silica-alumina for PEB conversion (300 °C and 60 bar H2), the high amount of Ni (30 wt. %) used by Kong et al. [76] may be responsible for the complete hydrogenation of ethylbenzene, since a similar hydrogen pressure was used in both works (50 and 60 bar of H2).

In addition, the low temperature used by Zao and Lercher [61] did not favor the cleavage of the Carom-O bond of PEB to form 2-phenylethanol and benzene.

Nickel supported on zeolite β (20 wt. % Ni) was used to study the conversion of PEB at 220 °C, under 40 bar H2 in n-hexane [77] . Over bare Hβ, 11 % of PEB was converted into phenol (36 %), 2-phenethylphenol (2-PEP; 38 %), and 4-phenethylphenol (4-PEP; 20 %). First, PEB was cleaved to produce 2-phenyleth-1-ylium and phenol intermediates. Then, 2 and 4-PEP were formed by the attack of 2-phenyleth-1-ylium onto the 2 or 4 positions of phenol. When the reaction was performed over Ni/Hβ, a PEB conversion of 96 % was achieved, producing ethylcyclohexane (45 %), cyclohexane (40 %), and 1,2-dicyclohexylethane (6 %) as main products. Scheme 2.2 shows the different reaction pathways for the PEB conversion presented in this section.

From the literature discussed, it can be assumed that obtaining deoxygenated products requires high temperature and pressure, but a balance must be found in terms of pressure, as too high H2 pressure can favor the competitive hydrogenation of the substrate.

Unlike BPE, the conversion of PEB is not affected by the solvent. Over non-acidic catalysts, the conversion of PEB occurs by hydrogenolysis of the Caliph-O bond catalyzed by the metal sites, yielding ethylbenzene and phenol. After cleavage, phenol is easily hydrogenated to cyclohexanol/cyclohexanone, while ethylbenzene is hydrogenated to ethylcyclohexane but only under high hydrogen pressure (20 bar). Due to the absence of acidic sites, the deoxygenation of the intermediates formed after hydrogenolysis does not occur.

Regarding catalysts with acidic sites, the hydrogenolysis of the Caliph-O bond of PEB to phenol and ethylbenzene was reported to be catalyzed over bare acidic supports (Nb2O5 and zeolites Hβ) in organic solvents.

After cleavage, acidic zeolites may promote the alkylation reaction of phenol and toluene to form 2 and 4-PEP. In the presence of metal, phenol is transformed differently, depending on the conditions and the catalyst. Metals supported over Nb2O5 and sulfated zirconia are reported to favor the deoxygenation of phenol to benzene by direct cleavage of the Carom-OH bond, while metals supported over zeolites (HZSM5, Hβ, and USY) promote the formation of cyclohexane via a hydrogenation-dehydration route of phenol involving the acidic sites.

The preferential formation of benzene over supported catalysts on sulphate ZrO2 and Nb2O5 for conversion of phenol has been reported in the literature in the gas phase [118,119] . The deoxygenation activity of these catalysts was attributed to the surface sites with greater oxophilicity due to incompletely coordinated Zr +4 / Zr +3 and Nb +5 / Nb +4 cations, respectively, located close to the metal particles. Yao et al. [89] investigated the performance of Ru-based catalysts supported over Al2O3 and different zeolites for the conversion of DPE at 120°C, under 40 bar of H2 in water. All catalysts were compared at similar conversion. The selectivity to cyclohexane followed the order: Ru/HZSM5 (73.2 %) > Ru/H-beta (66 %) > Ru/H-USY (51 %) >Ru/H-MOR (34.5 %) ~ Ru/Al2O3 (33.5 %). Among the catalysts supported on zeolites, the selectivity to cyclohexane can be related to the total acidity, as the highest selectivity was achieved with the most acidic catalyst (acidity order: Ru/HZSM5 > Ru/H-Beta > Ru/H-USY > Ru/H-MOR). However, the product's selectivity can be also affected by the pore structure of the zeolite. Due to the small pore diameter of Ru/HZSM5 (0.49 nm), the DPE diffusion was slower than in the other zeolites with a larger pore diameter, and a considerable amount of cyclohexyl phenyl ether and dicyclohexyl ether was also observed.

Zhang et al. [63] evaluated the conversion of DPE over ruthenium supported on zeolite HZSM5 (1 wt. %) at 200 °C, under 50 bar of H2 in water. After 4 h, DPE was selectively converted into cyclohexane (96.8 %). Similar results were observed by Zhao and Lercher [60] using both Pd/C and HZSM5 in the same reaction conditions. After 2 h, cyclohexane was the only product obtained. Compared to Yao et al. [89] , who used 0.5 wt. % Ru/HZSM5 for DPE conversion (120 °C, 40 bar H2), the high temperature favored the formation of cyclohexane, and products from full and partial hydrogenation of DPE were not detected.

Ni/HZSM5 (10 wt.% Ni), Pd/HZSM5 (1 wt.% Pd) [62] Additionally, the authors also evaluated the effect of the support for the conversion of DPE. Over Pd-Ni/Al2O3, only 34 % of DPE was converted, and a high amount of cyclohexanol and hydrogenated products from DPE was observed. The high activity of Pd-Ni/HZSM5 for HDO of DPE was related to its high amount of medium strength acidic sites.

The catalytic transfer hydrogenolysis of DPE using isopropanol as a hydrogen source was investigated over NiRu/Al2O3 (140 °C) [112] , NiCu/Al2O3 (200 °C) [113] , and Ni/Nb2O5 (220 °C) [95] . For all catalysts, DPE was completely converted. Benzene and cyclohexanol were mainly formed over NiRu/Al2O3 and NiCu/Al2O3, but the reaction pathways were not described. In contrast, Ni/Nb2O5 mostly yielded cyclohexane and cyclohexanol. The 
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