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Abstract: Pyrolysis is considered the most promising way to convert biomass to fuels. Upgrading
biomass pyrolysis oil is essential to produce high quality hydrocarbon fuels. Upgrading technologies
have been developed for decades, and this review focuses on the hydrodeoxygenation (HDO). In order
to declare the need for upgrading, properties of pyrolysis oil are firstly analyzed, and potential
analysis methods including some novel methods are proposed. The high oxygen content of bio-oil
leads to its undesirable properties, such as chemical instability and a strong tendency to re-polymerize.
Acidity, low heating value, high viscosity and water content are not conductive to making bio-oils
useful as fuels. Therefore, fast pyrolysis oils should be refined before producing deoxygenated
products. After the analysis of pyrolysis oil, the HDO process is reviewed in detail. The HDO of model
compounds including phenolics monomers, dimers, furans, carboxylic acids and carbohydrates
is summarized to obtain sufficient information in understanding HDO reaction networks and
mechanisms. Meanwhile, investigations of model compounds also make sense for screening and
designing HDO catalysts. Then, we review the HDO of actual pyrolysis oil with different methods
including two-stage treatment, co-feeding solvents and in-situ hydrogenation. The relative merits of
each method are also expounded. Finally, HDO catalysts are reviewed in order of time. After the
summarization of petroleum derived sulfured catalysts and noble metal catalysts, transitional metal
carbide, nitride and phosphide materials are summarized as the new trend for their low cost and high
stability. After major progress is reviewed, main problems are summarized and possible solutions
are raised.
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1. Introduction

Rapid economic development remarkably increases the energy demand, especially in
transportation fuels. Environmental concerns and uneven distribution of fossil fuel resources have
aroused interest in developing renewable sources. Progress in technology of converting renewable
sources into energy and fuels has become a research highlight. Biomass, as the only renewable organic
carbon source feedstock, is a suitable renewable feedstock that can be converted into chemicals and
transportation fuels [1,2]. Fast pyrolysis is a promising way to convert solid biomass to liquid products
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due to its high economic efficiency [3]. Different lignocellulosic biomass resources, including energy
crops, forest waste residues, herbaceous and woody biomass, were studied to produce bio-oil through
fast pyrolysis. Bio-oil generally contains 50–65 wt % organic components, involving acids, aldehydes,
ketones, furans, phenolics, guaiacols, syringols and sugars; 15–30 wt % moisture; and 20 wt % colloidal
fraction [4]. Oxygens contained in these compounds cause undesirable properties such as low energy
density, instability, high viscosity and corrosion. Therefore, removing redundant oxygen atoms is
required for bio-oil upgrading. In the past decades, oxygen removal attracted researchers’ attention all
over the world. Since the 1990s, enormous papers in biomass pyrolysis oil upgrading were published
and many great review papers inspired researchers all over the world. Hydrotreating is an effective way
to upgrade bio-oil, which removes oxygen through HDO, generally at 400–773 K and high H2 partial
pressure. Different catalysts were used in HDO to remove the oxygen atom in the molecules. In this
paper, after a brief introduction about the properties of bio-oil, we mainly focus on the recent progress
in catalytic HDO of bio-oil. With the rapid development of catalysts and upgrading technology, we
hope this review can provide useful information and inspire ideas in producing high quality bio-oil.

2. Characteristics of Pyrolysis Oils

2.1. Properties of Bio-Oil

The elemental compositions of bio-oil and petroleum derived fuel are quite different, and the
basic data are shown in Table 1. Normally, there is 15–30 wt % water in bio-oil, derived from the
moisture in the feedstock and dehydration process during the pyrolysis. The existence of water lowers
the heating value and flame temperature of bio-oil. On the other hand, water reduces the viscosity
and enhances the fluidity. Due to relatively high amounts of carboxylic acids mainly formed from
hemicellulose pyrolysis, bio-oil generally shows acidity with pH value between 2 and 4, resulting in
fatal problems in downstream utilization [5]. As shown in Table 1, the oxygen content of bio-oil can
reach as high as 50%. The presence of oxygen is the main difference between bio-oils and hydrocarbon
fuels. Since the oxygen content is quite high, the heating value of bio-oil is much lower than that of
conventional fuel (50%). Bio-oil has a heating value of about 20 MJ/kg using lignocellulosic biomass
as feedstock, while that of fossil fuel is 45.5 MJ/kg. In addition, immiscibility with hydrocarbon fuels
was also caused by the high oxygen content.

Table 1. Comparison between biomass derived bio-oil and diesel.

Property Bio-Oil
Diesel [6]

Pine Saw Dust [7] Eucalyptus [7] Rice Husk [8]

Density (kg/L) 1.206 1.229 1.14 0.84
C (wt %) 40.6 42.3 39.92 86.58
H (wt %) 7.6 7.5 8.15 13.29
O (wt %) 51.7 50.1 51.11 0.01
N (wt %) <0.1 0.1 0.61 65 ppm

Ash 0.03 0.03 0.25 -
Viscosity (c St) 17 (313 K) 23 (313 K) 13.2 (313 K) 2.1 (323 K)

Moisture content (wt %) 23.9 20.6 28 -
Higher heating value (MJ/kg) 16.9 17.3 16.5 45.5

PH 2.7 2.2 3.2 -
Flash point (K) 326 374 341 327

As can be seen in Table 1, the viscosity of bio-oil is much higher than the conventional fuel.
Depending on the types of biomass, pyrolysis conditions and storage time, a wide range of the bio-oil
viscosities are obtained. Sipilaè et al. found that the viscosities of bio-oils were reduced with higher
water content and less water insoluble components [5]. Boucher et al. added methanol into bio-oil,
finding that methanol reduced the density and viscosity and increased the stability. Moreover, the ash
in bio-oil can cause problems in engines, such as corrosion, abrasion and deposition. Alkali and alkali
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earth metals are problematic components in the ash. The concentration of alkali and alkali earth
metals in bio-oil are listed in Table 2. The concentrations are distinct when the bio-oils are produced
from different feedstocks and conditions. The inorganic impurities in bio-oil could cause the catalyst
poisoning during upgrading process. Yildiz et al. reported that an ash concentration of 3 wt % could
have effect on the zeolite catalysts [9]. Kubička and Horáček found that phosphorus, alkali and alkali
earth metal could cause deactivation of CoMo/γ-Al2O3 [10]. Hot gas filtering is an efficient method
to remove metallic heteroatoms in bio-oil. Scahill et al. employed hot gas filtration to decrease the
alkali metal concentration below 10 ppm [11]. The ash content of cassava stalk bio-oil decreased from
0.2% to 0.01% after using gas filter [12]. Baldwin and Feik reduced the concentration of Ca < 10 ppm,
Mg < 1 ppm, K < 5 ppm and Na < 5 ppm by hot gas filtration with a ceramic filter element [13]. In order
to understand where the ash come from and how it affect the bio-oil’s properties, the existence form of
alkali and alkaline metals in both biomass and pyrolysis vapor maybe more important.

Table 2. The concentration of alkali and alkali earth metals in bio-oil.

Alkali and Alkali Earth
Metals (ppm)

Bio-Oil

Rice Straw [14] Bamboo [14] Japanese Larch [15]

Na 46 16 4.2
K 25 6 <0.1
Ca 32 9 2.8
Mg 9 2 0.1

2.2. Compositions of Bio-Oil

Insights in the composition of bio-oils are essential to determine its potential uses and the
type of process required for upgrading methods [16]. Wang et al. used gas chromatography-mass
spectrometer (GC/MS) to analyze the composition of bio-oils and illustrate that most of the identified
components were phenolic compounds attached with ketones or aldehydes groups [17]. Therefore,
bio-oils were highly hydrated, resulting in a difficult elimination of water. Conventional GC, especially
when coupled with MS, is commonly used to analyze the chemical components for decades. However,
GC-MS is not the most favorable technique for bio-oil characterization, as the poor elution properties
of various compounds resulted in strong tail and coelution peaks. Comprehensive two-dimensional
gas chromatography (GC × GC) coupled with different detectors is a new method in bio-oil
characterization. Coelutions in the 1 DGC could be resolved by GC × GC, thus the number
of compounds identified using GC × GC was approximately 4–7 times greater than that using
conventional GC [18]. However, only 25–40% of the analytes are detected because carbohydrates and
lignin-derived oligomers are hard to evaporate which makes them difficult to enter the GC column [16].
Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS) is able to characterize the
nonvolatile compounds in bio-oils [19]. For pine pellets and peanut hull bio-oils characterized by
FT-ICR MS, much lower oxygens per molecule was obtained in the oil phase than aqueous phase [20].
Red pine bio-oil was analyzed by FT-ICR MS coupled with negative ion electrospray ionization (ESI)
source. The predominant compounds in bio-oil are O2–O17 class species with 1–22 double-bond
equivalent (DBE) values and 4–39 carbon numbers. The N1Ox was also identified, which involved
1–16 DBE and 6–30 carbon numbers [21]. NMR spectroscopy is also employed for the characterization
of bio-oils, which can provide the concentrations of chemical functionalities and indications of highly
substituted aromatic groups. For instance, the 13 C and DEPT analyses showed that corn stover bio-oil
is highly branched owing to the high percentage of CH1 groups and the aromatic region generally
has CH0:CH1 ratios of >2:1, suggesting that the average aromatic ring has at least four substituents.
Additionally, high content of intact carbohydrate in corn stover bio-oil is demonstrated by 1H NMR
analysis, because a relatively high concentration of protons was observed at ~5 ppm [22].



Catalysts 2017, 7, 169 4 of 22

Thus, integrated techniques are generally employed to obtain a comprehensive characterization
of bio-oil. Currently, GC × GC combined with HRMS (using different ionization methods) seem to be
most promising to obtain a specific chemical characterization of bio-oils. Spectroscopic method is also
crucial as it enables to provide the bio-oils composition profile assessment [23].

3. HDO

As discussed earlier, some undesirable properties of bio-oil, such as chemical instability and a
strong tendency to re-polymerize are caused by the high oxygen content. High viscosities, acidity,
water content and low heating value are all major defects making it very hard to use bio-oils as fuels.
Therefore, fast pyrolysis oils must be refined to produce deoxygenated products that are compatible
with existing transportation fuels.

The general methods for bio-oil upgrading include physical, chemical and catalytic process.
Physical upgrading includes filtration, solvent addition and emulsion. Liquid filtration is extremely
difficult because of the physicochemical properties of bio-oil, while hot-vapor filtration can lower the
average molecular weight of the liquid product and improve its stability during accelerated aging
studies [13]. For solvent addition and emulsion, solvents and surfactants are added into bio-oil to
improve stability. Chemical upgrading mainly involves esterification, aqueous phase processing, mild
cracking, gasification, etc. Catalytic upgrading pathways include HDO, zeolite cracking and steam
reforming, of which the last one is a route to produce H2, not transportation fuel. Zeolite cracking
is correlated with fluid catalytic cracking (FCC) of petroleum fractions, where oxygen atoms are
removed by simultaneous dehydration-decarboxylation reactions over cracking catalysts (generally
acidic zeolite) at atmospheric pressure without external H2. However, a major defect of this method
is the low hydrocarbon yield due to severe carbonaceous deposits and dealumination of zeolite.
Hydrotreating is also a conventional process for petroleum reforming, including hydrodesulfurization
(HDS), hydrodenitrogenation (HDN), and HDO to remove sulfur, nitrogen, and oxygen heteroatoms
respectively. Unlike petroleum oil, the content of sulfur and nitrogen in bio-oils is negligible whereas
O content is extremely high. Hence, HDO becomes a crucial research topic. During HDO, reactions
may occur including deoxygenation (C-O cleavage), hydrogenation (saturation of C=O and aromatic
rings), hydrogenolysis, hydrocracking, etc.

3.1. HDO of Model Compounds

The reaction pathway of bio-oil HDO is still not clear due to its complicated nature resulting
in numerous concurrent reactions during the upgrading process. Therefore, rather than employing
pyrolysis oil at lab-scale, most studies use model compounds to obtain sufficient information in order
to understand HDO reaction networks and mechanisms. Meanwhile, model compounds experiments
contribute to screening and designing HDO catalysts [24]. Currently, model compounds are selected
among the most active compounds which will cause the instability of bio-oil. These compounds with
different functional groups allow one to investigate the relative activities and selectivity of different
reactions, such as dehydration, decarboxylation, hydrogenation, hydrogenolysis and hydrocracking.
Furthermore, dimeric compounds were also selected as model compounds to provide an insight into
the cleavage of some major types of linkage.

3.1.1. HDO of Aromatic Monomers

Since bio-oil contains almost 30 wt % of aromatic compound which has high energy density [25],
a large amount of researches focus on HDO of these compounds. Additionally, the existence of phenolic
compounds is considered as the primary cause for coke formation and catalyst deactivation [26]. Thus,
conversion of these oxygen-contained aromatic compounds is important in bio-oil upgrading.

Phenol is widely investigated as a model compound in HDO process because of its simple
structure. In accordance with numerous investigations, HDO of phenol undergoes two main parallel
routes. The first route is direct deoxygenation (DDO) that leads to formation of benzene by the
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cleavage of C-O bond. The second is hydrogenation (HYD), in which the aromatic ring is hydrogenated
to cyclohexanol. Subsequent hydrogenation of benzene or deoxygenation of cyclohexanol occurs,
leading to the formation of cyclohexane. Meanwhile, alkylation and etherification take place to form
bicyclic compounds. Hong et al. also reported similar reaction pathways of phenol to bicyclics over
Pt/HY catalyst [27]. Studies on both aqueous-phase and vapor-phase HDO of phenol indicated
that non-sulfide catalysts favor HYD route to saturate the aromatic ring. For example, no aromatic
hydrocarbons were produced in HDO of phenol over Pd/C and H3PO4 at 523 K [25]. Therefore, HDO
catalysts properties can significantly affect the reaction pathways.

Anisole with a methoxyl group is another model compound used for the study of bio-oil HDO.
Figure 1 shows a general reaction scheme of anisole HDO studied by Sankaranarayanan et al. over
supported Ni and Co catalyst, involving four reaction pathways: (1) demethylation of anisole to
phenol and methane; (2) direct deoxygenation to benzene and methanol; (3) hydrogenation to methyl
cyclohexyl ether; and (4) isomerization to methylphenol and dimethylphenol [28]. These primary
products can be further converted to cyclohexane, cyclohexanol, methylcyclopentane, etc. Pichaikaran et al.
studied the vapor-phase HDO of anisole over supported Ni and Ru catalysts atatmospheric pressure [29].
The major products obtained are phenol, benzene and toluene, indicating that the conversion of anisole
mainly proceeds via hydrodeoxygenation, hydrogenolysis and methyl group transfer.
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deoxygenation; (3) hydrogenation; (4) isomerization; (5) dehydration; (6) alkylation; and (7) ring
opening reaction [28].

Guaiacol with two kinds of C-O bond (hydroxyl group (-OH) and methoxy group (-OCH3))
appears to be an attractive compound for bio-oil HDO. The HDO scheme of guaiacol proposed
by Nguyen et al. is shown in Figure 2, indicating that the reactions proceeded via demethylation,
demethoxylation, hydrogenation and methyl transfer [30]. The results of numerous researches for
guaiacol HDO with different catalyst indicated that the catalyst composition plays a significant role
during the reaction. Zhao et al. studied vapor phase HDO of guaiacol catalyzed by supported metal
phosphide. The formation of anisole demonstrated that dehydroxylation occurs as a new reaction
pathway of guaiacol HDO. Meanwhile, the hydrogenation reaction did not take place under this
condition since no saturated products were detected [31].

3.1.2. HDO of Aromatic Dimers

The water insoluble fraction, often known as pyrolytic lignin (PL), can account for 25–30% of
the bio-oil [32]. The oligomeric PL portion is considered to be responsible for poor properties like
viscosity and instability. Bayerbach et al. proposed several oligomeric structures of pyrolytic lignin
that are based on combinations of phenolic dimers with different linkers [33]. Therefore, oligomers,
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especially phenolic dimers, were selected as model compounds to investigate the cleavage of typical
linkages (e.g., β-O-4, α-O-4, and β-5) during HDO process. Jongerius et al. studied HDO of phenolic
dimers over a commercial sulfide CoMo/Al2O3 catalyst at 573 K and 50 bar H2 pressure, revealing
that ether linkages including β-O-4 and phenylcoumaran can be broken under this condition, but
not the 5-5′ linkage [34]. Zhang et al. tested HDO of a series of phenolic dimes with Ru/HZSM-5
at 473 K and 50 bar of H2 in a batch reactor. As shown in Table 3, conversions of all the model
compounds almost achieved 100% and the overall selectivity to alkenes were above 96% except
2,2′-biphenol [35]. The 4-O-5 and α-O-4 dimers were quantitatively converted to cyclohexane and
C6-C10 alkanes, respectively. The formation of C8–C10 alkanes during HDO of α-O-4 dimers started
with acid catalyzed transalkylation of C6–C7 products, followed by the isomerization of substituted
cyclohexanes on Brønsted acid sites. Ethylcyclohexane, the main product for HDO of β-5 dimers, was
obtained by hydrogenation of aromatic ring followed by dehydration and hydrogenation reactions.
One reason for the relatively low hydrogenation rate of 5-5′ dimer might be caused by its intramolecular
hydrogen bonds that could hinder the attack of the catalyst. Parsell et al. used Zn/Pd/C catalyst for
HDO of guaiacylglycerol-b-guaiacyl ether under relatively mild condition, 423 K and 20.7 bar hydrogen
pressure, got complete conversion and yielded two main aromatic products [36]. The β-O-4 linkage
was effectively cleaved to aromatic fragments, and its alcohol oxygen on alkyl chains was subsequently
removed with loss of aromatic groups. Strassberger et al. obtained phenol and ethylbenzene as
main products in HDO of 2-phenoxy-1-phenylethanone and its alcohol analog on supported copper
catalysts. The mechanism for HDO of alcohol dimer was proposed as the hydrogenolysis of C-O (aryl)
bond occurred to phenol and 1-phenylethanol, followed by hydrodeoxygenation to ethylbenzene.
The alcohol dimers were also catalyzed by alumina to form oligomers as by-products [37].

Table 3. Hydrodeoxygenation of Phenolic Dimers over Ru/HZSM-5 [35].

Substrates Conversion (%) Selectivity (%)
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be caused by its intramolecular hydrogen bonds that could hinder the attack of the catalyst. Parsell 
et al. used Zn/Pd/C catalyst for HDO of guaiacylglycerol-b-guaiacyl ether under relatively mild 
condition, 423 K and 20.7 bar hydrogen pressure, got complete conversion and yielded two main 
aromatic products [36]. The β-O-4 linkage was effectively cleaved to aromatic fragments, and its 
alcohol oxygen on alkyl chains was subsequently removed with loss of aromatic groups. 
Strassberger et al. obtained phenol and ethylbenzene as main products in HDO of 
2-phenoxy-1-phenylethanone and its alcohol analog on supported copper catalysts. The mechanism 
for HDO of alcohol dimer was proposed as the hydrogenolysis of C-O (aryl) bond occurred to 
phenol and 1-phenylethanol, followed by hydrodeoxygenation to ethylbenzene. The alcohol dimers 
were also catalyzed by alumina to form oligomers as by-products [37]. 

Table 3. Hydrodeoxygenation of Phenolic Dimers over Ru/HZSM-5 [35]. 

Substrates 
Conversio

n (%) 
Selectivity (%) 

 99.8  
    

(4-O-5) 96.8 0.3     

 99.8  
    

(4-O-5) 97.4 0.1     

99.9      

(α-O-4) 34.5 48.8 13.1    

 99.9  
   

(α-O-4) 38.6 50.4 6.7    

 
99.9      

(α-O-4) 25.8 33.5 2.1 15.1 20.5  

 
99.8 

  
(5-5′) 50.2 2.0 10.8 22.7 9.3 0.8 

O

 99.3    
   

(β-5) 5.4 28.6 61.4    

 99.9    
   

(β-5) 3.8 22.6 70.4    

O

OHO OH

OH

O

O

OH

O

HO

OH

OH OH OH OH

O

(4-O-5) 96.8 0.3

Catalysts 2017, 7, 169  6 of 22 

 

phenolic dimers over a commercial sulfide CoMo/Al2O3 catalyst at 573 K and 50 bar H2 pressure, 
revealing that ether linkages including β-O-4 and phenylcoumaran can be broken under this 
condition, but not the 5-5′ linkage [34]. Zhang et al. tested HDO of a series of phenolic dimes with 
Ru/HZSM-5 at 473 K and 50 bar of H2 in a batch reactor. As shown in Table 3, conversions of all the 
model compounds almost achieved 100% and the overall selectivity to alkenes were above 96% 
except 2,2′-biphenol [35]. The 4-O-5 and α-O-4 dimers were quantitatively converted to cyclohexane 
and C6-C10 alkanes, respectively. The formation of C8–C10 alkanes during HDO of α-O-4 dimers 
started with acid catalyzed transalkylation of C6–C7 products, followed by the isomerization of 
substituted cyclohexanes on Brønsted acid sites. Ethylcyclohexane, the main product for HDO of 
β-5 dimers, was obtained by hydrogenation of aromatic ring followed by dehydration and 
hydrogenation reactions. One reason for the relatively low hydrogenation rate of 5-5′ dimer might 
be caused by its intramolecular hydrogen bonds that could hinder the attack of the catalyst. Parsell 
et al. used Zn/Pd/C catalyst for HDO of guaiacylglycerol-b-guaiacyl ether under relatively mild 
condition, 423 K and 20.7 bar hydrogen pressure, got complete conversion and yielded two main 
aromatic products [36]. The β-O-4 linkage was effectively cleaved to aromatic fragments, and its 
alcohol oxygen on alkyl chains was subsequently removed with loss of aromatic groups. 
Strassberger et al. obtained phenol and ethylbenzene as main products in HDO of 
2-phenoxy-1-phenylethanone and its alcohol analog on supported copper catalysts. The mechanism 
for HDO of alcohol dimer was proposed as the hydrogenolysis of C-O (aryl) bond occurred to 
phenol and 1-phenylethanol, followed by hydrodeoxygenation to ethylbenzene. The alcohol dimers 
were also catalyzed by alumina to form oligomers as by-products [37]. 
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phenolic dimers over a commercial sulfide CoMo/Al2O3 catalyst at 573 K and 50 bar H2 pressure, 
revealing that ether linkages including β-O-4 and phenylcoumaran can be broken under this 
condition, but not the 5-5′ linkage [34]. Zhang et al. tested HDO of a series of phenolic dimes with 
Ru/HZSM-5 at 473 K and 50 bar of H2 in a batch reactor. As shown in Table 3, conversions of all the 
model compounds almost achieved 100% and the overall selectivity to alkenes were above 96% 
except 2,2′-biphenol [35]. The 4-O-5 and α-O-4 dimers were quantitatively converted to cyclohexane 
and C6-C10 alkanes, respectively. The formation of C8–C10 alkanes during HDO of α-O-4 dimers 
started with acid catalyzed transalkylation of C6–C7 products, followed by the isomerization of 
substituted cyclohexanes on Brønsted acid sites. Ethylcyclohexane, the main product for HDO of 
β-5 dimers, was obtained by hydrogenation of aromatic ring followed by dehydration and 
hydrogenation reactions. One reason for the relatively low hydrogenation rate of 5-5′ dimer might 
be caused by its intramolecular hydrogen bonds that could hinder the attack of the catalyst. Parsell 
et al. used Zn/Pd/C catalyst for HDO of guaiacylglycerol-b-guaiacyl ether under relatively mild 
condition, 423 K and 20.7 bar hydrogen pressure, got complete conversion and yielded two main 
aromatic products [36]. The β-O-4 linkage was effectively cleaved to aromatic fragments, and its 
alcohol oxygen on alkyl chains was subsequently removed with loss of aromatic groups. 
Strassberger et al. obtained phenol and ethylbenzene as main products in HDO of 
2-phenoxy-1-phenylethanone and its alcohol analog on supported copper catalysts. The mechanism 
for HDO of alcohol dimer was proposed as the hydrogenolysis of C-O (aryl) bond occurred to 
phenol and 1-phenylethanol, followed by hydrodeoxygenation to ethylbenzene. The alcohol dimers 
were also catalyzed by alumina to form oligomers as by-products [37]. 
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phenolic dimers over a commercial sulfide CoMo/Al2O3 catalyst at 573 K and 50 bar H2 pressure, 
revealing that ether linkages including β-O-4 and phenylcoumaran can be broken under this 
condition, but not the 5-5′ linkage [34]. Zhang et al. tested HDO of a series of phenolic dimes with 
Ru/HZSM-5 at 473 K and 50 bar of H2 in a batch reactor. As shown in Table 3, conversions of all the 
model compounds almost achieved 100% and the overall selectivity to alkenes were above 96% 
except 2,2′-biphenol [35]. The 4-O-5 and α-O-4 dimers were quantitatively converted to cyclohexane 
and C6-C10 alkanes, respectively. The formation of C8–C10 alkanes during HDO of α-O-4 dimers 
started with acid catalyzed transalkylation of C6–C7 products, followed by the isomerization of 
substituted cyclohexanes on Brønsted acid sites. Ethylcyclohexane, the main product for HDO of 
β-5 dimers, was obtained by hydrogenation of aromatic ring followed by dehydration and 
hydrogenation reactions. One reason for the relatively low hydrogenation rate of 5-5′ dimer might 
be caused by its intramolecular hydrogen bonds that could hinder the attack of the catalyst. Parsell 
et al. used Zn/Pd/C catalyst for HDO of guaiacylglycerol-b-guaiacyl ether under relatively mild 
condition, 423 K and 20.7 bar hydrogen pressure, got complete conversion and yielded two main 
aromatic products [36]. The β-O-4 linkage was effectively cleaved to aromatic fragments, and its 
alcohol oxygen on alkyl chains was subsequently removed with loss of aromatic groups. 
Strassberger et al. obtained phenol and ethylbenzene as main products in HDO of 
2-phenoxy-1-phenylethanone and its alcohol analog on supported copper catalysts. The mechanism 
for HDO of alcohol dimer was proposed as the hydrogenolysis of C-O (aryl) bond occurred to 
phenol and 1-phenylethanol, followed by hydrodeoxygenation to ethylbenzene. The alcohol dimers 
were also catalyzed by alumina to form oligomers as by-products [37]. 
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phenolic dimers over a commercial sulfide CoMo/Al2O3 catalyst at 573 K and 50 bar H2 pressure, 
revealing that ether linkages including β-O-4 and phenylcoumaran can be broken under this 
condition, but not the 5-5′ linkage [34]. Zhang et al. tested HDO of a series of phenolic dimes with 
Ru/HZSM-5 at 473 K and 50 bar of H2 in a batch reactor. As shown in Table 3, conversions of all the 
model compounds almost achieved 100% and the overall selectivity to alkenes were above 96% 
except 2,2′-biphenol [35]. The 4-O-5 and α-O-4 dimers were quantitatively converted to cyclohexane 
and C6-C10 alkanes, respectively. The formation of C8–C10 alkanes during HDO of α-O-4 dimers 
started with acid catalyzed transalkylation of C6–C7 products, followed by the isomerization of 
substituted cyclohexanes on Brønsted acid sites. Ethylcyclohexane, the main product for HDO of 
β-5 dimers, was obtained by hydrogenation of aromatic ring followed by dehydration and 
hydrogenation reactions. One reason for the relatively low hydrogenation rate of 5-5′ dimer might 
be caused by its intramolecular hydrogen bonds that could hinder the attack of the catalyst. Parsell 
et al. used Zn/Pd/C catalyst for HDO of guaiacylglycerol-b-guaiacyl ether under relatively mild 
condition, 423 K and 20.7 bar hydrogen pressure, got complete conversion and yielded two main 
aromatic products [36]. The β-O-4 linkage was effectively cleaved to aromatic fragments, and its 
alcohol oxygen on alkyl chains was subsequently removed with loss of aromatic groups. 
Strassberger et al. obtained phenol and ethylbenzene as main products in HDO of 
2-phenoxy-1-phenylethanone and its alcohol analog on supported copper catalysts. The mechanism 
for HDO of alcohol dimer was proposed as the hydrogenolysis of C-O (aryl) bond occurred to 
phenol and 1-phenylethanol, followed by hydrodeoxygenation to ethylbenzene. The alcohol dimers 
were also catalyzed by alumina to form oligomers as by-products [37]. 
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phenolic dimers over a commercial sulfide CoMo/Al2O3 catalyst at 573 K and 50 bar H2 pressure, 
revealing that ether linkages including β-O-4 and phenylcoumaran can be broken under this 
condition, but not the 5-5′ linkage [34]. Zhang et al. tested HDO of a series of phenolic dimes with 
Ru/HZSM-5 at 473 K and 50 bar of H2 in a batch reactor. As shown in Table 3, conversions of all the 
model compounds almost achieved 100% and the overall selectivity to alkenes were above 96% 
except 2,2′-biphenol [35]. The 4-O-5 and α-O-4 dimers were quantitatively converted to cyclohexane 
and C6-C10 alkanes, respectively. The formation of C8–C10 alkanes during HDO of α-O-4 dimers 
started with acid catalyzed transalkylation of C6–C7 products, followed by the isomerization of 
substituted cyclohexanes on Brønsted acid sites. Ethylcyclohexane, the main product for HDO of 
β-5 dimers, was obtained by hydrogenation of aromatic ring followed by dehydration and 
hydrogenation reactions. One reason for the relatively low hydrogenation rate of 5-5′ dimer might 
be caused by its intramolecular hydrogen bonds that could hinder the attack of the catalyst. Parsell 
et al. used Zn/Pd/C catalyst for HDO of guaiacylglycerol-b-guaiacyl ether under relatively mild 
condition, 423 K and 20.7 bar hydrogen pressure, got complete conversion and yielded two main 
aromatic products [36]. The β-O-4 linkage was effectively cleaved to aromatic fragments, and its 
alcohol oxygen on alkyl chains was subsequently removed with loss of aromatic groups. 
Strassberger et al. obtained phenol and ethylbenzene as main products in HDO of 
2-phenoxy-1-phenylethanone and its alcohol analog on supported copper catalysts. The mechanism 
for HDO of alcohol dimer was proposed as the hydrogenolysis of C-O (aryl) bond occurred to 
phenol and 1-phenylethanol, followed by hydrodeoxygenation to ethylbenzene. The alcohol dimers 
were also catalyzed by alumina to form oligomers as by-products [37]. 
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phenolic dimers over a commercial sulfide CoMo/Al2O3 catalyst at 573 K and 50 bar H2 pressure, 
revealing that ether linkages including β-O-4 and phenylcoumaran can be broken under this 
condition, but not the 5-5′ linkage [34]. Zhang et al. tested HDO of a series of phenolic dimes with 
Ru/HZSM-5 at 473 K and 50 bar of H2 in a batch reactor. As shown in Table 3, conversions of all the 
model compounds almost achieved 100% and the overall selectivity to alkenes were above 96% 
except 2,2′-biphenol [35]. The 4-O-5 and α-O-4 dimers were quantitatively converted to cyclohexane 
and C6-C10 alkanes, respectively. The formation of C8–C10 alkanes during HDO of α-O-4 dimers 
started with acid catalyzed transalkylation of C6–C7 products, followed by the isomerization of 
substituted cyclohexanes on Brønsted acid sites. Ethylcyclohexane, the main product for HDO of 
β-5 dimers, was obtained by hydrogenation of aromatic ring followed by dehydration and 
hydrogenation reactions. One reason for the relatively low hydrogenation rate of 5-5′ dimer might 
be caused by its intramolecular hydrogen bonds that could hinder the attack of the catalyst. Parsell 
et al. used Zn/Pd/C catalyst for HDO of guaiacylglycerol-b-guaiacyl ether under relatively mild 
condition, 423 K and 20.7 bar hydrogen pressure, got complete conversion and yielded two main 
aromatic products [36]. The β-O-4 linkage was effectively cleaved to aromatic fragments, and its 
alcohol oxygen on alkyl chains was subsequently removed with loss of aromatic groups. 
Strassberger et al. obtained phenol and ethylbenzene as main products in HDO of 
2-phenoxy-1-phenylethanone and its alcohol analog on supported copper catalysts. The mechanism 
for HDO of alcohol dimer was proposed as the hydrogenolysis of C-O (aryl) bond occurred to 
phenol and 1-phenylethanol, followed by hydrodeoxygenation to ethylbenzene. The alcohol dimers 
were also catalyzed by alumina to form oligomers as by-products [37]. 
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phenolic dimers over a commercial sulfide CoMo/Al2O3 catalyst at 573 K and 50 bar H2 pressure, 
revealing that ether linkages including β-O-4 and phenylcoumaran can be broken under this 
condition, but not the 5-5′ linkage [34]. Zhang et al. tested HDO of a series of phenolic dimes with 
Ru/HZSM-5 at 473 K and 50 bar of H2 in a batch reactor. As shown in Table 3, conversions of all the 
model compounds almost achieved 100% and the overall selectivity to alkenes were above 96% 
except 2,2′-biphenol [35]. The 4-O-5 and α-O-4 dimers were quantitatively converted to cyclohexane 
and C6-C10 alkanes, respectively. The formation of C8–C10 alkanes during HDO of α-O-4 dimers 
started with acid catalyzed transalkylation of C6–C7 products, followed by the isomerization of 
substituted cyclohexanes on Brønsted acid sites. Ethylcyclohexane, the main product for HDO of 
β-5 dimers, was obtained by hydrogenation of aromatic ring followed by dehydration and 
hydrogenation reactions. One reason for the relatively low hydrogenation rate of 5-5′ dimer might 
be caused by its intramolecular hydrogen bonds that could hinder the attack of the catalyst. Parsell 
et al. used Zn/Pd/C catalyst for HDO of guaiacylglycerol-b-guaiacyl ether under relatively mild 
condition, 423 K and 20.7 bar hydrogen pressure, got complete conversion and yielded two main 
aromatic products [36]. The β-O-4 linkage was effectively cleaved to aromatic fragments, and its 
alcohol oxygen on alkyl chains was subsequently removed with loss of aromatic groups. 
Strassberger et al. obtained phenol and ethylbenzene as main products in HDO of 
2-phenoxy-1-phenylethanone and its alcohol analog on supported copper catalysts. The mechanism 
for HDO of alcohol dimer was proposed as the hydrogenolysis of C-O (aryl) bond occurred to 
phenol and 1-phenylethanol, followed by hydrodeoxygenation to ethylbenzene. The alcohol dimers 
were also catalyzed by alumina to form oligomers as by-products [37]. 
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phenolic dimers over a commercial sulfide CoMo/Al2O3 catalyst at 573 K and 50 bar H2 pressure, 
revealing that ether linkages including β-O-4 and phenylcoumaran can be broken under this 
condition, but not the 5-5′ linkage [34]. Zhang et al. tested HDO of a series of phenolic dimes with 
Ru/HZSM-5 at 473 K and 50 bar of H2 in a batch reactor. As shown in Table 3, conversions of all the 
model compounds almost achieved 100% and the overall selectivity to alkenes were above 96% 
except 2,2′-biphenol [35]. The 4-O-5 and α-O-4 dimers were quantitatively converted to cyclohexane 
and C6-C10 alkanes, respectively. The formation of C8–C10 alkanes during HDO of α-O-4 dimers 
started with acid catalyzed transalkylation of C6–C7 products, followed by the isomerization of 
substituted cyclohexanes on Brønsted acid sites. Ethylcyclohexane, the main product for HDO of 
β-5 dimers, was obtained by hydrogenation of aromatic ring followed by dehydration and 
hydrogenation reactions. One reason for the relatively low hydrogenation rate of 5-5′ dimer might 
be caused by its intramolecular hydrogen bonds that could hinder the attack of the catalyst. Parsell 
et al. used Zn/Pd/C catalyst for HDO of guaiacylglycerol-b-guaiacyl ether under relatively mild 
condition, 423 K and 20.7 bar hydrogen pressure, got complete conversion and yielded two main 
aromatic products [36]. The β-O-4 linkage was effectively cleaved to aromatic fragments, and its 
alcohol oxygen on alkyl chains was subsequently removed with loss of aromatic groups. 
Strassberger et al. obtained phenol and ethylbenzene as main products in HDO of 
2-phenoxy-1-phenylethanone and its alcohol analog on supported copper catalysts. The mechanism 
for HDO of alcohol dimer was proposed as the hydrogenolysis of C-O (aryl) bond occurred to 
phenol and 1-phenylethanol, followed by hydrodeoxygenation to ethylbenzene. The alcohol dimers 
were also catalyzed by alumina to form oligomers as by-products [37]. 
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phenolic dimers over a commercial sulfide CoMo/Al2O3 catalyst at 573 K and 50 bar H2 pressure, 
revealing that ether linkages including β-O-4 and phenylcoumaran can be broken under this 
condition, but not the 5-5′ linkage [34]. Zhang et al. tested HDO of a series of phenolic dimes with 
Ru/HZSM-5 at 473 K and 50 bar of H2 in a batch reactor. As shown in Table 3, conversions of all the 
model compounds almost achieved 100% and the overall selectivity to alkenes were above 96% 
except 2,2′-biphenol [35]. The 4-O-5 and α-O-4 dimers were quantitatively converted to cyclohexane 
and C6-C10 alkanes, respectively. The formation of C8–C10 alkanes during HDO of α-O-4 dimers 
started with acid catalyzed transalkylation of C6–C7 products, followed by the isomerization of 
substituted cyclohexanes on Brønsted acid sites. Ethylcyclohexane, the main product for HDO of 
β-5 dimers, was obtained by hydrogenation of aromatic ring followed by dehydration and 
hydrogenation reactions. One reason for the relatively low hydrogenation rate of 5-5′ dimer might 
be caused by its intramolecular hydrogen bonds that could hinder the attack of the catalyst. Parsell 
et al. used Zn/Pd/C catalyst for HDO of guaiacylglycerol-b-guaiacyl ether under relatively mild 
condition, 423 K and 20.7 bar hydrogen pressure, got complete conversion and yielded two main 
aromatic products [36]. The β-O-4 linkage was effectively cleaved to aromatic fragments, and its 
alcohol oxygen on alkyl chains was subsequently removed with loss of aromatic groups. 
Strassberger et al. obtained phenol and ethylbenzene as main products in HDO of 
2-phenoxy-1-phenylethanone and its alcohol analog on supported copper catalysts. The mechanism 
for HDO of alcohol dimer was proposed as the hydrogenolysis of C-O (aryl) bond occurred to 
phenol and 1-phenylethanol, followed by hydrodeoxygenation to ethylbenzene. The alcohol dimers 
were also catalyzed by alumina to form oligomers as by-products [37]. 
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phenolic dimers over a commercial sulfide CoMo/Al2O3 catalyst at 573 K and 50 bar H2 pressure, 
revealing that ether linkages including β-O-4 and phenylcoumaran can be broken under this 
condition, but not the 5-5′ linkage [34]. Zhang et al. tested HDO of a series of phenolic dimes with 
Ru/HZSM-5 at 473 K and 50 bar of H2 in a batch reactor. As shown in Table 3, conversions of all the 
model compounds almost achieved 100% and the overall selectivity to alkenes were above 96% 
except 2,2′-biphenol [35]. The 4-O-5 and α-O-4 dimers were quantitatively converted to cyclohexane 
and C6-C10 alkanes, respectively. The formation of C8–C10 alkanes during HDO of α-O-4 dimers 
started with acid catalyzed transalkylation of C6–C7 products, followed by the isomerization of 
substituted cyclohexanes on Brønsted acid sites. Ethylcyclohexane, the main product for HDO of 
β-5 dimers, was obtained by hydrogenation of aromatic ring followed by dehydration and 
hydrogenation reactions. One reason for the relatively low hydrogenation rate of 5-5′ dimer might 
be caused by its intramolecular hydrogen bonds that could hinder the attack of the catalyst. Parsell 
et al. used Zn/Pd/C catalyst for HDO of guaiacylglycerol-b-guaiacyl ether under relatively mild 
condition, 423 K and 20.7 bar hydrogen pressure, got complete conversion and yielded two main 
aromatic products [36]. The β-O-4 linkage was effectively cleaved to aromatic fragments, and its 
alcohol oxygen on alkyl chains was subsequently removed with loss of aromatic groups. 
Strassberger et al. obtained phenol and ethylbenzene as main products in HDO of 
2-phenoxy-1-phenylethanone and its alcohol analog on supported copper catalysts. The mechanism 
for HDO of alcohol dimer was proposed as the hydrogenolysis of C-O (aryl) bond occurred to 
phenol and 1-phenylethanol, followed by hydrodeoxygenation to ethylbenzene. The alcohol dimers 
were also catalyzed by alumina to form oligomers as by-products [37]. 
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phenolic dimers over a commercial sulfide CoMo/Al2O3 catalyst at 573 K and 50 bar H2 pressure, 
revealing that ether linkages including β-O-4 and phenylcoumaran can be broken under this 
condition, but not the 5-5′ linkage [34]. Zhang et al. tested HDO of a series of phenolic dimes with 
Ru/HZSM-5 at 473 K and 50 bar of H2 in a batch reactor. As shown in Table 3, conversions of all the 
model compounds almost achieved 100% and the overall selectivity to alkenes were above 96% 
except 2,2′-biphenol [35]. The 4-O-5 and α-O-4 dimers were quantitatively converted to cyclohexane 
and C6-C10 alkanes, respectively. The formation of C8–C10 alkanes during HDO of α-O-4 dimers 
started with acid catalyzed transalkylation of C6–C7 products, followed by the isomerization of 
substituted cyclohexanes on Brønsted acid sites. Ethylcyclohexane, the main product for HDO of 
β-5 dimers, was obtained by hydrogenation of aromatic ring followed by dehydration and 
hydrogenation reactions. One reason for the relatively low hydrogenation rate of 5-5′ dimer might 
be caused by its intramolecular hydrogen bonds that could hinder the attack of the catalyst. Parsell 
et al. used Zn/Pd/C catalyst for HDO of guaiacylglycerol-b-guaiacyl ether under relatively mild 
condition, 423 K and 20.7 bar hydrogen pressure, got complete conversion and yielded two main 
aromatic products [36]. The β-O-4 linkage was effectively cleaved to aromatic fragments, and its 
alcohol oxygen on alkyl chains was subsequently removed with loss of aromatic groups. 
Strassberger et al. obtained phenol and ethylbenzene as main products in HDO of 
2-phenoxy-1-phenylethanone and its alcohol analog on supported copper catalysts. The mechanism 
for HDO of alcohol dimer was proposed as the hydrogenolysis of C-O (aryl) bond occurred to 
phenol and 1-phenylethanol, followed by hydrodeoxygenation to ethylbenzene. The alcohol dimers 
were also catalyzed by alumina to form oligomers as by-products [37]. 
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phenolic dimers over a commercial sulfide CoMo/Al2O3 catalyst at 573 K and 50 bar H2 pressure, 
revealing that ether linkages including β-O-4 and phenylcoumaran can be broken under this 
condition, but not the 5-5′ linkage [34]. Zhang et al. tested HDO of a series of phenolic dimes with 
Ru/HZSM-5 at 473 K and 50 bar of H2 in a batch reactor. As shown in Table 3, conversions of all the 
model compounds almost achieved 100% and the overall selectivity to alkenes were above 96% 
except 2,2′-biphenol [35]. The 4-O-5 and α-O-4 dimers were quantitatively converted to cyclohexane 
and C6-C10 alkanes, respectively. The formation of C8–C10 alkanes during HDO of α-O-4 dimers 
started with acid catalyzed transalkylation of C6–C7 products, followed by the isomerization of 
substituted cyclohexanes on Brønsted acid sites. Ethylcyclohexane, the main product for HDO of 
β-5 dimers, was obtained by hydrogenation of aromatic ring followed by dehydration and 
hydrogenation reactions. One reason for the relatively low hydrogenation rate of 5-5′ dimer might 
be caused by its intramolecular hydrogen bonds that could hinder the attack of the catalyst. Parsell 
et al. used Zn/Pd/C catalyst for HDO of guaiacylglycerol-b-guaiacyl ether under relatively mild 
condition, 423 K and 20.7 bar hydrogen pressure, got complete conversion and yielded two main 
aromatic products [36]. The β-O-4 linkage was effectively cleaved to aromatic fragments, and its 
alcohol oxygen on alkyl chains was subsequently removed with loss of aromatic groups. 
Strassberger et al. obtained phenol and ethylbenzene as main products in HDO of 
2-phenoxy-1-phenylethanone and its alcohol analog on supported copper catalysts. The mechanism 
for HDO of alcohol dimer was proposed as the hydrogenolysis of C-O (aryl) bond occurred to 
phenol and 1-phenylethanol, followed by hydrodeoxygenation to ethylbenzene. The alcohol dimers 
were also catalyzed by alumina to form oligomers as by-products [37]. 
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phenolic dimers over a commercial sulfide CoMo/Al2O3 catalyst at 573 K and 50 bar H2 pressure, 
revealing that ether linkages including β-O-4 and phenylcoumaran can be broken under this 
condition, but not the 5-5′ linkage [34]. Zhang et al. tested HDO of a series of phenolic dimes with 
Ru/HZSM-5 at 473 K and 50 bar of H2 in a batch reactor. As shown in Table 3, conversions of all the 
model compounds almost achieved 100% and the overall selectivity to alkenes were above 96% 
except 2,2′-biphenol [35]. The 4-O-5 and α-O-4 dimers were quantitatively converted to cyclohexane 
and C6-C10 alkanes, respectively. The formation of C8–C10 alkanes during HDO of α-O-4 dimers 
started with acid catalyzed transalkylation of C6–C7 products, followed by the isomerization of 
substituted cyclohexanes on Brønsted acid sites. Ethylcyclohexane, the main product for HDO of 
β-5 dimers, was obtained by hydrogenation of aromatic ring followed by dehydration and 
hydrogenation reactions. One reason for the relatively low hydrogenation rate of 5-5′ dimer might 
be caused by its intramolecular hydrogen bonds that could hinder the attack of the catalyst. Parsell 
et al. used Zn/Pd/C catalyst for HDO of guaiacylglycerol-b-guaiacyl ether under relatively mild 
condition, 423 K and 20.7 bar hydrogen pressure, got complete conversion and yielded two main 
aromatic products [36]. The β-O-4 linkage was effectively cleaved to aromatic fragments, and its 
alcohol oxygen on alkyl chains was subsequently removed with loss of aromatic groups. 
Strassberger et al. obtained phenol and ethylbenzene as main products in HDO of 
2-phenoxy-1-phenylethanone and its alcohol analog on supported copper catalysts. The mechanism 
for HDO of alcohol dimer was proposed as the hydrogenolysis of C-O (aryl) bond occurred to 
phenol and 1-phenylethanol, followed by hydrodeoxygenation to ethylbenzene. The alcohol dimers 
were also catalyzed by alumina to form oligomers as by-products [37]. 

Table 3. Hydrodeoxygenation of Phenolic Dimers over Ru/HZSM-5 [35]. 

Substrates 
Conversio

n (%) 
Selectivity (%) 

 99.8  
    

(4-O-5) 96.8 0.3     

 99.8  
    

(4-O-5) 97.4 0.1     

99.9      

(α-O-4) 34.5 48.8 13.1    

 99.9  
   

(α-O-4) 38.6 50.4 6.7    

 
99.9      

(α-O-4) 25.8 33.5 2.1 15.1 20.5  

 
99.8 

  
(5-5′) 50.2 2.0 10.8 22.7 9.3 0.8 

O

 99.3    
   

(β-5) 5.4 28.6 61.4    

 99.9    
   

(β-5) 3.8 22.6 70.4    

O

OHO OH

OH

O

O

OH

O

HO

OH

OH OH OH OH

O

Catalysts 2017, 7, 169  6 of 22 

 

phenolic dimers over a commercial sulfide CoMo/Al2O3 catalyst at 573 K and 50 bar H2 pressure, 
revealing that ether linkages including β-O-4 and phenylcoumaran can be broken under this 
condition, but not the 5-5′ linkage [34]. Zhang et al. tested HDO of a series of phenolic dimes with 
Ru/HZSM-5 at 473 K and 50 bar of H2 in a batch reactor. As shown in Table 3, conversions of all the 
model compounds almost achieved 100% and the overall selectivity to alkenes were above 96% 
except 2,2′-biphenol [35]. The 4-O-5 and α-O-4 dimers were quantitatively converted to cyclohexane 
and C6-C10 alkanes, respectively. The formation of C8–C10 alkanes during HDO of α-O-4 dimers 
started with acid catalyzed transalkylation of C6–C7 products, followed by the isomerization of 
substituted cyclohexanes on Brønsted acid sites. Ethylcyclohexane, the main product for HDO of 
β-5 dimers, was obtained by hydrogenation of aromatic ring followed by dehydration and 
hydrogenation reactions. One reason for the relatively low hydrogenation rate of 5-5′ dimer might 
be caused by its intramolecular hydrogen bonds that could hinder the attack of the catalyst. Parsell 
et al. used Zn/Pd/C catalyst for HDO of guaiacylglycerol-b-guaiacyl ether under relatively mild 
condition, 423 K and 20.7 bar hydrogen pressure, got complete conversion and yielded two main 
aromatic products [36]. The β-O-4 linkage was effectively cleaved to aromatic fragments, and its 
alcohol oxygen on alkyl chains was subsequently removed with loss of aromatic groups. 
Strassberger et al. obtained phenol and ethylbenzene as main products in HDO of 
2-phenoxy-1-phenylethanone and its alcohol analog on supported copper catalysts. The mechanism 
for HDO of alcohol dimer was proposed as the hydrogenolysis of C-O (aryl) bond occurred to 
phenol and 1-phenylethanol, followed by hydrodeoxygenation to ethylbenzene. The alcohol dimers 
were also catalyzed by alumina to form oligomers as by-products [37]. 
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phenolic dimers over a commercial sulfide CoMo/Al2O3 catalyst at 573 K and 50 bar H2 pressure, 
revealing that ether linkages including β-O-4 and phenylcoumaran can be broken under this 
condition, but not the 5-5′ linkage [34]. Zhang et al. tested HDO of a series of phenolic dimes with 
Ru/HZSM-5 at 473 K and 50 bar of H2 in a batch reactor. As shown in Table 3, conversions of all the 
model compounds almost achieved 100% and the overall selectivity to alkenes were above 96% 
except 2,2′-biphenol [35]. The 4-O-5 and α-O-4 dimers were quantitatively converted to cyclohexane 
and C6-C10 alkanes, respectively. The formation of C8–C10 alkanes during HDO of α-O-4 dimers 
started with acid catalyzed transalkylation of C6–C7 products, followed by the isomerization of 
substituted cyclohexanes on Brønsted acid sites. Ethylcyclohexane, the main product for HDO of 
β-5 dimers, was obtained by hydrogenation of aromatic ring followed by dehydration and 
hydrogenation reactions. One reason for the relatively low hydrogenation rate of 5-5′ dimer might 
be caused by its intramolecular hydrogen bonds that could hinder the attack of the catalyst. Parsell 
et al. used Zn/Pd/C catalyst for HDO of guaiacylglycerol-b-guaiacyl ether under relatively mild 
condition, 423 K and 20.7 bar hydrogen pressure, got complete conversion and yielded two main 
aromatic products [36]. The β-O-4 linkage was effectively cleaved to aromatic fragments, and its 
alcohol oxygen on alkyl chains was subsequently removed with loss of aromatic groups. 
Strassberger et al. obtained phenol and ethylbenzene as main products in HDO of 
2-phenoxy-1-phenylethanone and its alcohol analog on supported copper catalysts. The mechanism 
for HDO of alcohol dimer was proposed as the hydrogenolysis of C-O (aryl) bond occurred to 
phenol and 1-phenylethanol, followed by hydrodeoxygenation to ethylbenzene. The alcohol dimers 
were also catalyzed by alumina to form oligomers as by-products [37]. 
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phenolic dimers over a commercial sulfide CoMo/Al2O3 catalyst at 573 K and 50 bar H2 pressure, 
revealing that ether linkages including β-O-4 and phenylcoumaran can be broken under this 
condition, but not the 5-5′ linkage [34]. Zhang et al. tested HDO of a series of phenolic dimes with 
Ru/HZSM-5 at 473 K and 50 bar of H2 in a batch reactor. As shown in Table 3, conversions of all the 
model compounds almost achieved 100% and the overall selectivity to alkenes were above 96% 
except 2,2′-biphenol [35]. The 4-O-5 and α-O-4 dimers were quantitatively converted to cyclohexane 
and C6-C10 alkanes, respectively. The formation of C8–C10 alkanes during HDO of α-O-4 dimers 
started with acid catalyzed transalkylation of C6–C7 products, followed by the isomerization of 
substituted cyclohexanes on Brønsted acid sites. Ethylcyclohexane, the main product for HDO of 
β-5 dimers, was obtained by hydrogenation of aromatic ring followed by dehydration and 
hydrogenation reactions. One reason for the relatively low hydrogenation rate of 5-5′ dimer might 
be caused by its intramolecular hydrogen bonds that could hinder the attack of the catalyst. Parsell 
et al. used Zn/Pd/C catalyst for HDO of guaiacylglycerol-b-guaiacyl ether under relatively mild 
condition, 423 K and 20.7 bar hydrogen pressure, got complete conversion and yielded two main 
aromatic products [36]. The β-O-4 linkage was effectively cleaved to aromatic fragments, and its 
alcohol oxygen on alkyl chains was subsequently removed with loss of aromatic groups. 
Strassberger et al. obtained phenol and ethylbenzene as main products in HDO of 
2-phenoxy-1-phenylethanone and its alcohol analog on supported copper catalysts. The mechanism 
for HDO of alcohol dimer was proposed as the hydrogenolysis of C-O (aryl) bond occurred to 
phenol and 1-phenylethanol, followed by hydrodeoxygenation to ethylbenzene. The alcohol dimers 
were also catalyzed by alumina to form oligomers as by-products [37]. 
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phenolic dimers over a commercial sulfide CoMo/Al2O3 catalyst at 573 K and 50 bar H2 pressure, 
revealing that ether linkages including β-O-4 and phenylcoumaran can be broken under this 
condition, but not the 5-5′ linkage [34]. Zhang et al. tested HDO of a series of phenolic dimes with 
Ru/HZSM-5 at 473 K and 50 bar of H2 in a batch reactor. As shown in Table 3, conversions of all the 
model compounds almost achieved 100% and the overall selectivity to alkenes were above 96% 
except 2,2′-biphenol [35]. The 4-O-5 and α-O-4 dimers were quantitatively converted to cyclohexane 
and C6-C10 alkanes, respectively. The formation of C8–C10 alkanes during HDO of α-O-4 dimers 
started with acid catalyzed transalkylation of C6–C7 products, followed by the isomerization of 
substituted cyclohexanes on Brønsted acid sites. Ethylcyclohexane, the main product for HDO of 
β-5 dimers, was obtained by hydrogenation of aromatic ring followed by dehydration and 
hydrogenation reactions. One reason for the relatively low hydrogenation rate of 5-5′ dimer might 
be caused by its intramolecular hydrogen bonds that could hinder the attack of the catalyst. Parsell 
et al. used Zn/Pd/C catalyst for HDO of guaiacylglycerol-b-guaiacyl ether under relatively mild 
condition, 423 K and 20.7 bar hydrogen pressure, got complete conversion and yielded two main 
aromatic products [36]. The β-O-4 linkage was effectively cleaved to aromatic fragments, and its 
alcohol oxygen on alkyl chains was subsequently removed with loss of aromatic groups. 
Strassberger et al. obtained phenol and ethylbenzene as main products in HDO of 
2-phenoxy-1-phenylethanone and its alcohol analog on supported copper catalysts. The mechanism 
for HDO of alcohol dimer was proposed as the hydrogenolysis of C-O (aryl) bond occurred to 
phenol and 1-phenylethanol, followed by hydrodeoxygenation to ethylbenzene. The alcohol dimers 
were also catalyzed by alumina to form oligomers as by-products [37]. 
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phenolic dimers over a commercial sulfide CoMo/Al2O3 catalyst at 573 K and 50 bar H2 pressure, 
revealing that ether linkages including β-O-4 and phenylcoumaran can be broken under this 
condition, but not the 5-5′ linkage [34]. Zhang et al. tested HDO of a series of phenolic dimes with 
Ru/HZSM-5 at 473 K and 50 bar of H2 in a batch reactor. As shown in Table 3, conversions of all the 
model compounds almost achieved 100% and the overall selectivity to alkenes were above 96% 
except 2,2′-biphenol [35]. The 4-O-5 and α-O-4 dimers were quantitatively converted to cyclohexane 
and C6-C10 alkanes, respectively. The formation of C8–C10 alkanes during HDO of α-O-4 dimers 
started with acid catalyzed transalkylation of C6–C7 products, followed by the isomerization of 
substituted cyclohexanes on Brønsted acid sites. Ethylcyclohexane, the main product for HDO of 
β-5 dimers, was obtained by hydrogenation of aromatic ring followed by dehydration and 
hydrogenation reactions. One reason for the relatively low hydrogenation rate of 5-5′ dimer might 
be caused by its intramolecular hydrogen bonds that could hinder the attack of the catalyst. Parsell 
et al. used Zn/Pd/C catalyst for HDO of guaiacylglycerol-b-guaiacyl ether under relatively mild 
condition, 423 K and 20.7 bar hydrogen pressure, got complete conversion and yielded two main 
aromatic products [36]. The β-O-4 linkage was effectively cleaved to aromatic fragments, and its 
alcohol oxygen on alkyl chains was subsequently removed with loss of aromatic groups. 
Strassberger et al. obtained phenol and ethylbenzene as main products in HDO of 
2-phenoxy-1-phenylethanone and its alcohol analog on supported copper catalysts. The mechanism 
for HDO of alcohol dimer was proposed as the hydrogenolysis of C-O (aryl) bond occurred to 
phenol and 1-phenylethanol, followed by hydrodeoxygenation to ethylbenzene. The alcohol dimers 
were also catalyzed by alumina to form oligomers as by-products [37]. 
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phenolic dimers over a commercial sulfide CoMo/Al2O3 catalyst at 573 K and 50 bar H2 pressure, 
revealing that ether linkages including β-O-4 and phenylcoumaran can be broken under this 
condition, but not the 5-5′ linkage [34]. Zhang et al. tested HDO of a series of phenolic dimes with 
Ru/HZSM-5 at 473 K and 50 bar of H2 in a batch reactor. As shown in Table 3, conversions of all the 
model compounds almost achieved 100% and the overall selectivity to alkenes were above 96% 
except 2,2′-biphenol [35]. The 4-O-5 and α-O-4 dimers were quantitatively converted to cyclohexane 
and C6-C10 alkanes, respectively. The formation of C8–C10 alkanes during HDO of α-O-4 dimers 
started with acid catalyzed transalkylation of C6–C7 products, followed by the isomerization of 
substituted cyclohexanes on Brønsted acid sites. Ethylcyclohexane, the main product for HDO of 
β-5 dimers, was obtained by hydrogenation of aromatic ring followed by dehydration and 
hydrogenation reactions. One reason for the relatively low hydrogenation rate of 5-5′ dimer might 
be caused by its intramolecular hydrogen bonds that could hinder the attack of the catalyst. Parsell 
et al. used Zn/Pd/C catalyst for HDO of guaiacylglycerol-b-guaiacyl ether under relatively mild 
condition, 423 K and 20.7 bar hydrogen pressure, got complete conversion and yielded two main 
aromatic products [36]. The β-O-4 linkage was effectively cleaved to aromatic fragments, and its 
alcohol oxygen on alkyl chains was subsequently removed with loss of aromatic groups. 
Strassberger et al. obtained phenol and ethylbenzene as main products in HDO of 
2-phenoxy-1-phenylethanone and its alcohol analog on supported copper catalysts. The mechanism 
for HDO of alcohol dimer was proposed as the hydrogenolysis of C-O (aryl) bond occurred to 
phenol and 1-phenylethanol, followed by hydrodeoxygenation to ethylbenzene. The alcohol dimers 
were also catalyzed by alumina to form oligomers as by-products [37]. 
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phenolic dimers over a commercial sulfide CoMo/Al2O3 catalyst at 573 K and 50 bar H2 pressure, 
revealing that ether linkages including β-O-4 and phenylcoumaran can be broken under this 
condition, but not the 5-5′ linkage [34]. Zhang et al. tested HDO of a series of phenolic dimes with 
Ru/HZSM-5 at 473 K and 50 bar of H2 in a batch reactor. As shown in Table 3, conversions of all the 
model compounds almost achieved 100% and the overall selectivity to alkenes were above 96% 
except 2,2′-biphenol [35]. The 4-O-5 and α-O-4 dimers were quantitatively converted to cyclohexane 
and C6-C10 alkanes, respectively. The formation of C8–C10 alkanes during HDO of α-O-4 dimers 
started with acid catalyzed transalkylation of C6–C7 products, followed by the isomerization of 
substituted cyclohexanes on Brønsted acid sites. Ethylcyclohexane, the main product for HDO of 
β-5 dimers, was obtained by hydrogenation of aromatic ring followed by dehydration and 
hydrogenation reactions. One reason for the relatively low hydrogenation rate of 5-5′ dimer might 
be caused by its intramolecular hydrogen bonds that could hinder the attack of the catalyst. Parsell 
et al. used Zn/Pd/C catalyst for HDO of guaiacylglycerol-b-guaiacyl ether under relatively mild 
condition, 423 K and 20.7 bar hydrogen pressure, got complete conversion and yielded two main 
aromatic products [36]. The β-O-4 linkage was effectively cleaved to aromatic fragments, and its 
alcohol oxygen on alkyl chains was subsequently removed with loss of aromatic groups. 
Strassberger et al. obtained phenol and ethylbenzene as main products in HDO of 
2-phenoxy-1-phenylethanone and its alcohol analog on supported copper catalysts. The mechanism 
for HDO of alcohol dimer was proposed as the hydrogenolysis of C-O (aryl) bond occurred to 
phenol and 1-phenylethanol, followed by hydrodeoxygenation to ethylbenzene. The alcohol dimers 
were also catalyzed by alumina to form oligomers as by-products [37]. 
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phenolic dimers over a commercial sulfide CoMo/Al2O3 catalyst at 573 K and 50 bar H2 pressure, 
revealing that ether linkages including β-O-4 and phenylcoumaran can be broken under this 
condition, but not the 5-5′ linkage [34]. Zhang et al. tested HDO of a series of phenolic dimes with 
Ru/HZSM-5 at 473 K and 50 bar of H2 in a batch reactor. As shown in Table 3, conversions of all the 
model compounds almost achieved 100% and the overall selectivity to alkenes were above 96% 
except 2,2′-biphenol [35]. The 4-O-5 and α-O-4 dimers were quantitatively converted to cyclohexane 
and C6-C10 alkanes, respectively. The formation of C8–C10 alkanes during HDO of α-O-4 dimers 
started with acid catalyzed transalkylation of C6–C7 products, followed by the isomerization of 
substituted cyclohexanes on Brønsted acid sites. Ethylcyclohexane, the main product for HDO of 
β-5 dimers, was obtained by hydrogenation of aromatic ring followed by dehydration and 
hydrogenation reactions. One reason for the relatively low hydrogenation rate of 5-5′ dimer might 
be caused by its intramolecular hydrogen bonds that could hinder the attack of the catalyst. Parsell 
et al. used Zn/Pd/C catalyst for HDO of guaiacylglycerol-b-guaiacyl ether under relatively mild 
condition, 423 K and 20.7 bar hydrogen pressure, got complete conversion and yielded two main 
aromatic products [36]. The β-O-4 linkage was effectively cleaved to aromatic fragments, and its 
alcohol oxygen on alkyl chains was subsequently removed with loss of aromatic groups. 
Strassberger et al. obtained phenol and ethylbenzene as main products in HDO of 
2-phenoxy-1-phenylethanone and its alcohol analog on supported copper catalysts. The mechanism 
for HDO of alcohol dimer was proposed as the hydrogenolysis of C-O (aryl) bond occurred to 
phenol and 1-phenylethanol, followed by hydrodeoxygenation to ethylbenzene. The alcohol dimers 
were also catalyzed by alumina to form oligomers as by-products [37]. 
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phenolic dimers over a commercial sulfide CoMo/Al2O3 catalyst at 573 K and 50 bar H2 pressure, 
revealing that ether linkages including β-O-4 and phenylcoumaran can be broken under this 
condition, but not the 5-5′ linkage [34]. Zhang et al. tested HDO of a series of phenolic dimes with 
Ru/HZSM-5 at 473 K and 50 bar of H2 in a batch reactor. As shown in Table 3, conversions of all the 
model compounds almost achieved 100% and the overall selectivity to alkenes were above 96% 
except 2,2′-biphenol [35]. The 4-O-5 and α-O-4 dimers were quantitatively converted to cyclohexane 
and C6-C10 alkanes, respectively. The formation of C8–C10 alkanes during HDO of α-O-4 dimers 
started with acid catalyzed transalkylation of C6–C7 products, followed by the isomerization of 
substituted cyclohexanes on Brønsted acid sites. Ethylcyclohexane, the main product for HDO of 
β-5 dimers, was obtained by hydrogenation of aromatic ring followed by dehydration and 
hydrogenation reactions. One reason for the relatively low hydrogenation rate of 5-5′ dimer might 
be caused by its intramolecular hydrogen bonds that could hinder the attack of the catalyst. Parsell 
et al. used Zn/Pd/C catalyst for HDO of guaiacylglycerol-b-guaiacyl ether under relatively mild 
condition, 423 K and 20.7 bar hydrogen pressure, got complete conversion and yielded two main 
aromatic products [36]. The β-O-4 linkage was effectively cleaved to aromatic fragments, and its 
alcohol oxygen on alkyl chains was subsequently removed with loss of aromatic groups. 
Strassberger et al. obtained phenol and ethylbenzene as main products in HDO of 
2-phenoxy-1-phenylethanone and its alcohol analog on supported copper catalysts. The mechanism 
for HDO of alcohol dimer was proposed as the hydrogenolysis of C-O (aryl) bond occurred to 
phenol and 1-phenylethanol, followed by hydrodeoxygenation to ethylbenzene. The alcohol dimers 
were also catalyzed by alumina to form oligomers as by-products [37]. 
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phenolic dimers over a commercial sulfide CoMo/Al2O3 catalyst at 573 K and 50 bar H2 pressure, 
revealing that ether linkages including β-O-4 and phenylcoumaran can be broken under this 
condition, but not the 5-5′ linkage [34]. Zhang et al. tested HDO of a series of phenolic dimes with 
Ru/HZSM-5 at 473 K and 50 bar of H2 in a batch reactor. As shown in Table 3, conversions of all the 
model compounds almost achieved 100% and the overall selectivity to alkenes were above 96% 
except 2,2′-biphenol [35]. The 4-O-5 and α-O-4 dimers were quantitatively converted to cyclohexane 
and C6-C10 alkanes, respectively. The formation of C8–C10 alkanes during HDO of α-O-4 dimers 
started with acid catalyzed transalkylation of C6–C7 products, followed by the isomerization of 
substituted cyclohexanes on Brønsted acid sites. Ethylcyclohexane, the main product for HDO of 
β-5 dimers, was obtained by hydrogenation of aromatic ring followed by dehydration and 
hydrogenation reactions. One reason for the relatively low hydrogenation rate of 5-5′ dimer might 
be caused by its intramolecular hydrogen bonds that could hinder the attack of the catalyst. Parsell 
et al. used Zn/Pd/C catalyst for HDO of guaiacylglycerol-b-guaiacyl ether under relatively mild 
condition, 423 K and 20.7 bar hydrogen pressure, got complete conversion and yielded two main 
aromatic products [36]. The β-O-4 linkage was effectively cleaved to aromatic fragments, and its 
alcohol oxygen on alkyl chains was subsequently removed with loss of aromatic groups. 
Strassberger et al. obtained phenol and ethylbenzene as main products in HDO of 
2-phenoxy-1-phenylethanone and its alcohol analog on supported copper catalysts. The mechanism 
for HDO of alcohol dimer was proposed as the hydrogenolysis of C-O (aryl) bond occurred to 
phenol and 1-phenylethanol, followed by hydrodeoxygenation to ethylbenzene. The alcohol dimers 
were also catalyzed by alumina to form oligomers as by-products [37]. 
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phenolic dimers over a commercial sulfide CoMo/Al2O3 catalyst at 573 K and 50 bar H2 pressure, 
revealing that ether linkages including β-O-4 and phenylcoumaran can be broken under this 
condition, but not the 5-5′ linkage [34]. Zhang et al. tested HDO of a series of phenolic dimes with 
Ru/HZSM-5 at 473 K and 50 bar of H2 in a batch reactor. As shown in Table 3, conversions of all the 
model compounds almost achieved 100% and the overall selectivity to alkenes were above 96% 
except 2,2′-biphenol [35]. The 4-O-5 and α-O-4 dimers were quantitatively converted to cyclohexane 
and C6-C10 alkanes, respectively. The formation of C8–C10 alkanes during HDO of α-O-4 dimers 
started with acid catalyzed transalkylation of C6–C7 products, followed by the isomerization of 
substituted cyclohexanes on Brønsted acid sites. Ethylcyclohexane, the main product for HDO of 
β-5 dimers, was obtained by hydrogenation of aromatic ring followed by dehydration and 
hydrogenation reactions. One reason for the relatively low hydrogenation rate of 5-5′ dimer might 
be caused by its intramolecular hydrogen bonds that could hinder the attack of the catalyst. Parsell 
et al. used Zn/Pd/C catalyst for HDO of guaiacylglycerol-b-guaiacyl ether under relatively mild 
condition, 423 K and 20.7 bar hydrogen pressure, got complete conversion and yielded two main 
aromatic products [36]. The β-O-4 linkage was effectively cleaved to aromatic fragments, and its 
alcohol oxygen on alkyl chains was subsequently removed with loss of aromatic groups. 
Strassberger et al. obtained phenol and ethylbenzene as main products in HDO of 
2-phenoxy-1-phenylethanone and its alcohol analog on supported copper catalysts. The mechanism 
for HDO of alcohol dimer was proposed as the hydrogenolysis of C-O (aryl) bond occurred to 
phenol and 1-phenylethanol, followed by hydrodeoxygenation to ethylbenzene. The alcohol dimers 
were also catalyzed by alumina to form oligomers as by-products [37]. 
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phenolic dimers over a commercial sulfide CoMo/Al2O3 catalyst at 573 K and 50 bar H2 pressure, 
revealing that ether linkages including β-O-4 and phenylcoumaran can be broken under this 
condition, but not the 5-5′ linkage [34]. Zhang et al. tested HDO of a series of phenolic dimes with 
Ru/HZSM-5 at 473 K and 50 bar of H2 in a batch reactor. As shown in Table 3, conversions of all the 
model compounds almost achieved 100% and the overall selectivity to alkenes were above 96% 
except 2,2′-biphenol [35]. The 4-O-5 and α-O-4 dimers were quantitatively converted to cyclohexane 
and C6-C10 alkanes, respectively. The formation of C8–C10 alkanes during HDO of α-O-4 dimers 
started with acid catalyzed transalkylation of C6–C7 products, followed by the isomerization of 
substituted cyclohexanes on Brønsted acid sites. Ethylcyclohexane, the main product for HDO of 
β-5 dimers, was obtained by hydrogenation of aromatic ring followed by dehydration and 
hydrogenation reactions. One reason for the relatively low hydrogenation rate of 5-5′ dimer might 
be caused by its intramolecular hydrogen bonds that could hinder the attack of the catalyst. Parsell 
et al. used Zn/Pd/C catalyst for HDO of guaiacylglycerol-b-guaiacyl ether under relatively mild 
condition, 423 K and 20.7 bar hydrogen pressure, got complete conversion and yielded two main 
aromatic products [36]. The β-O-4 linkage was effectively cleaved to aromatic fragments, and its 
alcohol oxygen on alkyl chains was subsequently removed with loss of aromatic groups. 
Strassberger et al. obtained phenol and ethylbenzene as main products in HDO of 
2-phenoxy-1-phenylethanone and its alcohol analog on supported copper catalysts. The mechanism 
for HDO of alcohol dimer was proposed as the hydrogenolysis of C-O (aryl) bond occurred to 
phenol and 1-phenylethanol, followed by hydrodeoxygenation to ethylbenzene. The alcohol dimers 
were also catalyzed by alumina to form oligomers as by-products [37]. 
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phenolic dimers over a commercial sulfide CoMo/Al2O3 catalyst at 573 K and 50 bar H2 pressure, 
revealing that ether linkages including β-O-4 and phenylcoumaran can be broken under this 
condition, but not the 5-5′ linkage [34]. Zhang et al. tested HDO of a series of phenolic dimes with 
Ru/HZSM-5 at 473 K and 50 bar of H2 in a batch reactor. As shown in Table 3, conversions of all the 
model compounds almost achieved 100% and the overall selectivity to alkenes were above 96% 
except 2,2′-biphenol [35]. The 4-O-5 and α-O-4 dimers were quantitatively converted to cyclohexane 
and C6-C10 alkanes, respectively. The formation of C8–C10 alkanes during HDO of α-O-4 dimers 
started with acid catalyzed transalkylation of C6–C7 products, followed by the isomerization of 
substituted cyclohexanes on Brønsted acid sites. Ethylcyclohexane, the main product for HDO of 
β-5 dimers, was obtained by hydrogenation of aromatic ring followed by dehydration and 
hydrogenation reactions. One reason for the relatively low hydrogenation rate of 5-5′ dimer might 
be caused by its intramolecular hydrogen bonds that could hinder the attack of the catalyst. Parsell 
et al. used Zn/Pd/C catalyst for HDO of guaiacylglycerol-b-guaiacyl ether under relatively mild 
condition, 423 K and 20.7 bar hydrogen pressure, got complete conversion and yielded two main 
aromatic products [36]. The β-O-4 linkage was effectively cleaved to aromatic fragments, and its 
alcohol oxygen on alkyl chains was subsequently removed with loss of aromatic groups. 
Strassberger et al. obtained phenol and ethylbenzene as main products in HDO of 
2-phenoxy-1-phenylethanone and its alcohol analog on supported copper catalysts. The mechanism 
for HDO of alcohol dimer was proposed as the hydrogenolysis of C-O (aryl) bond occurred to 
phenol and 1-phenylethanol, followed by hydrodeoxygenation to ethylbenzene. The alcohol dimers 
were also catalyzed by alumina to form oligomers as by-products [37]. 
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phenolic dimers over a commercial sulfide CoMo/Al2O3 catalyst at 573 K and 50 bar H2 pressure, 
revealing that ether linkages including β-O-4 and phenylcoumaran can be broken under this 
condition, but not the 5-5′ linkage [34]. Zhang et al. tested HDO of a series of phenolic dimes with 
Ru/HZSM-5 at 473 K and 50 bar of H2 in a batch reactor. As shown in Table 3, conversions of all the 
model compounds almost achieved 100% and the overall selectivity to alkenes were above 96% 
except 2,2′-biphenol [35]. The 4-O-5 and α-O-4 dimers were quantitatively converted to cyclohexane 
and C6-C10 alkanes, respectively. The formation of C8–C10 alkanes during HDO of α-O-4 dimers 
started with acid catalyzed transalkylation of C6–C7 products, followed by the isomerization of 
substituted cyclohexanes on Brønsted acid sites. Ethylcyclohexane, the main product for HDO of 
β-5 dimers, was obtained by hydrogenation of aromatic ring followed by dehydration and 
hydrogenation reactions. One reason for the relatively low hydrogenation rate of 5-5′ dimer might 
be caused by its intramolecular hydrogen bonds that could hinder the attack of the catalyst. Parsell 
et al. used Zn/Pd/C catalyst for HDO of guaiacylglycerol-b-guaiacyl ether under relatively mild 
condition, 423 K and 20.7 bar hydrogen pressure, got complete conversion and yielded two main 
aromatic products [36]. The β-O-4 linkage was effectively cleaved to aromatic fragments, and its 
alcohol oxygen on alkyl chains was subsequently removed with loss of aromatic groups. 
Strassberger et al. obtained phenol and ethylbenzene as main products in HDO of 
2-phenoxy-1-phenylethanone and its alcohol analog on supported copper catalysts. The mechanism 
for HDO of alcohol dimer was proposed as the hydrogenolysis of C-O (aryl) bond occurred to 
phenol and 1-phenylethanol, followed by hydrodeoxygenation to ethylbenzene. The alcohol dimers 
were also catalyzed by alumina to form oligomers as by-products [37]. 
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phenolic dimers over a commercial sulfide CoMo/Al2O3 catalyst at 573 K and 50 bar H2 pressure, 
revealing that ether linkages including β-O-4 and phenylcoumaran can be broken under this 
condition, but not the 5-5′ linkage [34]. Zhang et al. tested HDO of a series of phenolic dimes with 
Ru/HZSM-5 at 473 K and 50 bar of H2 in a batch reactor. As shown in Table 3, conversions of all the 
model compounds almost achieved 100% and the overall selectivity to alkenes were above 96% 
except 2,2′-biphenol [35]. The 4-O-5 and α-O-4 dimers were quantitatively converted to cyclohexane 
and C6-C10 alkanes, respectively. The formation of C8–C10 alkanes during HDO of α-O-4 dimers 
started with acid catalyzed transalkylation of C6–C7 products, followed by the isomerization of 
substituted cyclohexanes on Brønsted acid sites. Ethylcyclohexane, the main product for HDO of 
β-5 dimers, was obtained by hydrogenation of aromatic ring followed by dehydration and 
hydrogenation reactions. One reason for the relatively low hydrogenation rate of 5-5′ dimer might 
be caused by its intramolecular hydrogen bonds that could hinder the attack of the catalyst. Parsell 
et al. used Zn/Pd/C catalyst for HDO of guaiacylglycerol-b-guaiacyl ether under relatively mild 
condition, 423 K and 20.7 bar hydrogen pressure, got complete conversion and yielded two main 
aromatic products [36]. The β-O-4 linkage was effectively cleaved to aromatic fragments, and its 
alcohol oxygen on alkyl chains was subsequently removed with loss of aromatic groups. 
Strassberger et al. obtained phenol and ethylbenzene as main products in HDO of 
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3.1.3. HDO of Other Oxygenates

In addition to lignin-based aromatic oxygenates, furans, carboxylic acids, alcohols and carbohydrates
are also common products in biomass pyrolysis. A number of investigations focused on HDO of these
cellulosic or hemicellulosic fractions of biomass pyrolysis.

A hypothetical mechanism for furan HDO was proposed including two reaction routes. For one
route, furan first formed a transition state, followed by the formation of butadiene which could
further undergo hydrogenation to butane. Moreover, partial hydrogenation of the ring also occurred
followed by ring opening to a new transition state, which subsequently decomposed to propylene or
butylene [38]. Zheng et al. proposed a proper pathway for vapor-phase HDO of furfural over Cu-based
catalyst, as shown in Figure 3 [39]. The conversion of furfural yields both furfuryl alcohol and furan via
hydrogenation and C-C bond cleavage, followed by sequential hydrogenation to tetrahydrofurfuryl
alcohol and tetrahydrofuran. In addition to tetrahydrofuran, n-butanol, n-butanal, ethanol and
hydrocarbon also derive from furan conversion. Furthermore, 2-methyltetrahydrofuran, 2-pentanone,
2-pentanol and 1-pentanol are all the hydrogenation products of 2-methylfuran obtained from a
cleavage of C-O bond. Sitthisa et al. carried out furfural HDO over supported metal catalysts under
atmospheric pressure, indicating that the product distribution was strongly depended on the metal
used in the catalyst. Butanal, butanol and butane were obtained by ring opening reaction on Ni/SiO2

catalyst, while Pd/SiO2 catalyzed the formation of furan by decarbonylation [40].
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Conversion of carboxylic acids is crucial since they are considered as typical component that
contribute to the corrosive property of bio-oil. Figure 4 shows the reaction network of aqueous phase
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hydrogenation of acetic acid proposed by Wan and co-workers [41]. Primary reaction of acetic acid
includes dehydrogenation to acetate species or dehydroxylation to acetyl species. Acetate reacts further
via decarboxylation or reforming to form CH4 or H2, respectively. Acetyls can either decompose via
the cleavage of C-C bond to CH4 and CO or be converted to ethanol. The formed ethanol is further
converted to ethane via hydrodeoxygenation, CH4 via C-C bond cleavage, and ethyl acetate via
esterification. Moreover, HDO of acetic acid mixed with p-cresol was studied on Ru/C catalyst at 573 K
and 48 bar hydrogen pressure. In the mixed feed system, acetic acid hydrogenation was suppressed
due to the competitive adsorption on catalyst surface. On the contrary, the HDO of p-cresol is promoted,
resulting in high selectivity to methyl-cyclohexane.
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Wildschut et al. selected D-glucose and D-cellobiose as model compounds for carbohydrates in
bio-oil, and investigated the HDO of these monomeric sugars over Ru/C catalyst at 523 K and 100 bar
H2 pressure. The main reaction pathway was D-sorbitol hydrogenation, followed by hydrogenolysis of
smaller polyols (e.g., glycerol and propanediol) and gaseous hydrocarbon (e.g., methane and ethane).
In addition to hydrogenation, a thermal pathway proceeded to form hydromethylfurfural, levulinic
acid and humins. Furthermore, the study demonstrated that the acetic acid added in this system
increased solids formation by promoting the thermal route [42].

3.2. HDO of Actual Pyrolysis Oil

Nemours studies focused on bio-oil hydrotreating to achieve liquid fuels compatible with
petroleum fraction. Elliot et al. initially carried out HDO of poplar wood bio-oil over a sulfide
CoMo catalyst in 1983. This direct hydrodeoxygenation yielded only 23 wt % upgraded oil and
resulted in severe coke deposition and bed plugging [43]. Xiong et al. also tested direct HDO of bio-oil
using a Raney Ni catalyst in a batch reactor, leading to low yield of organic liquid [44]. Therefore, in
order to overcome the obstacles mentioned above, alternatives such as employing a two-stage process
and co-feeding with solvents were investigated for bio-oil hydrotreatment.

3.2.1. Two-Stage Hydrotreatment

The two-stage process was initially carried out by researchers from Pacific Northwest National
Laboratory (PNNL) in 1989 [45]. The first stage was operated below 553 K over Ni or sulfide
CoMo catalyst to produce stabilized oil by hydrotreating the most reactive compound such as
furans aldehydes, and ketones. The second step was performed at severe conditions in a second
stage using conventional petroleum hydrotreating catalyst. With the two-stage hydrotreatment,
the yield of upgraded oil could be increased to 30–55% with the comparison of direct HDO, and the
deoxygenation degrees could be up to 99% [46]. Noble metal catalysts have also been applied to
two-stage hydrotreatment by Elliot et al. It was demonstrated that Pd/C was an effective catalyst to
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hydrogenate various bio-oils to stabilized oils suitable for more severe hydrocracking step. In the first
hydrotreating step, the gas yield improved while the oil yield decreased at higher temperature, and the
product oxygen contents reached the minimum level at 613 K. The procedure could successfully run
for 10 to 100 h depending on the operating conditions. Subsequent step were performed at about 673 K
under 103 bar using a conventional sulfide catalyst, and the oxygen content of final products were all
below 1%. In addition to the configuration mentioned above, a non-isothermal system incorporating
the two steps was further explored at 523–683 K under 138 bar. It was indicated that the non-isothermal
configuration could effectively minimize the carbon loss leading to the higher oil yield (50%) compared
to the sequential one [47]. Gholizadeh et al. investigated the hydrotreament of mallee wood bio-oil in
a non-isothermal configuration using NiMo/γ-Al2O3 as main catalyst. The authors observed that the
reaction temperature had a role in coke formation and quality of upgraded oil. Although Pd/C catalyst
laid in upstream had some effects on stabilizing bio-oil, it was ineffective in keeping off coke formation
in long-term operation [48]. In order to increase catalyst lifetimes, PNNL partnered with Battelle
developed a new process for bio-oil hydrotreatment based on a two-stage system. A cleanup step
and ion exchange were performed before the first stabilization step, obtained the cleaned up bio-oil
of which the contents of metallic impurities were obviously decreased. For the first reaction zone,
non-carbon supported catalysts were employed and catalyst regeneration processes were developed.
Therefore, the Battelle-PNNL bio-oil upgrading process is stable for over 1000 h time on stream [49].

3.2.2. Co-Feeding Solvents

Hydrogen donor solvents were widely used in the hydrogenation of coal liquids to remove
the heteroatoms and decrease molecular weight. In order to facilitate the transformation of active
hydrogen and reduce coke formation during HDO process, hydrogen donor solvents, such as tetralin
and decalin, were used for bio-oil upgrading. Churin et al. investigated the influence of the presence
of tetralin on hydrotreating of bio-oil over NiMo catalyst, indicating that the hydrogen donor resulted
in an additional reduction in the oxygen content of 15% [50]. The oil phase of sawdust bio-oil was
upgraded by Zhang et al. over sulfide Co-Mo-P, using tetralin and tar oil as solvent, respectively.
The authors considered that tetralin transferred hydrogen from the gas phase with high activity to
the radical fragments in oil phase, leading to higher liquid yield and less gas, char and water [51].
Zhang et al. used decalin as hydrogen donor in the hydrotreatment of bio-oil and its model compounds
over Ni/TiO2-ZrO2 at 573 K. Higher reaction conversion was obtained when the initial H2 pressure
increased, because the solubility of H2 in decalin was improved with the increased pressure [52].
Employing hydrogen donor solvent in bio-oil HDO significantly reduce the operating pressures and
lighten charring and coking phenomena. Moreover, alkanes have also been used during bio-oil
HDO. Zhao et al. investigated the HDO of n-hexane-extracted bio-oil over Ni/HZSM-5 under mild
reaction conditions. The obtained liquid products were almost hydrocarbons including C5–C9 alkanes,
cycloalkanes, and aromatics molecules [53]. However, the hydrocarbon solvents cannot completely
blend with crude bio-oil due to their hydrophobicity, which hinders the HDO reaction to some extent.
Hence, supercritical solvents were used for bio-oil hydrotreating. Xu et al. selected 1-butanol as solvent
in the supercritical upgrading of bio-oil over a Ru/C catalyst, indicating that the features of upgraded
bio-oil were significantly improved. The authors further illustrated that the solvent acted as both
reaction medium and reactant during the reaction [54]. Oh et al. studied the HDO of bio-oil over Pt/C
catalyst in the presence of three supercritical solvents with different polarities. The polar protic solvent
(ethanol) efficiently improved the degree of deoxygenation and typical bio-oil properties, such as acidity,
viscosity, HHV and water content, and the polar aprotic solvent (acetone) resulted in the highest yield of
heavy oil. The non-polar ether hardly affected the organics, but improved its thermal stability [55].

3.2.3. In-Situ Hydrogenation

Recently, in-situ hydrogenation as a novel method using liquid hydrogenation donors instead
of hydrogen gas attracted lots of interesting. Acids and alcohols are common hydrogenation
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donors, which can generate hydrogen via aqueous-phase reforming. Xiong et al. conducted an in-situ
hydrogenation of rice husk bio-oil in the presence of formic acid over various metal catalysts. During the
upgrading process, formic acid decomposed to produce hydrogen while by-product CO2 dissolved
in solvents improving the rate of hydrogenation. High yield of liquid phase (>86%) and slight coke
formation (<5%) were achieved with partial hydrogenation that alkenyl and aldehyde groups were
almost completely reduced [44]. Xu et al. used methanol as hydrogen donor instead of hydrogen gas in
the hydrogenation of bio-oil at 493 K and 30 bar. Over Raney Ni catalyst, ketones and aldehydes were
converted to alcohols via in-situ hydrogenation, while esterification took place transforming acids to
esters [56]. Furthermore, the authors carried out the upgrading process of bio-oil in different hydrogen
donors (methanol, ethanol and formic acid) over Ni based catalysts to investigate the effect of hydrogen
donors on the in-situ hydrogenation. The results showed that compositions of the upgraded bio-oils
were different according to different hydrogen donors. When alcohols were used as hydrogen donors,
the acetic acid in bio-oil could be converted to esters through esterification reaction. The phenol
conversion was promoted in the presence of formic acid, along with restraining the conversion of acetic
acid [57]. Currently, in-situ hydrogenation is not common for bio-oil upgrading due to its relative low
hydrogenation degree leading to the intermediate hydrogenation products instead of hydrocarbons.

4. HDO Catalysts

4.1. Transition Metal Sulfide Catalysts

Conventional HDS catalysts for petroleum refining, using Mo as active component, Co or Ni as
promoter, are first employed for the hydrogenation of pyrolysis oil. The HDO reactions catalyzed
by metal sulfides are summarized in Table 4. These HDS catalysts need to be kept in sulfide form,
so a sulfur source like H2S is commonly added during the reaction due to the negligible sulfur content
of bio-oil. However, severe carbon deposition caused by sulfur leaching prohibits further application
of petroleum hydrotreating catalysts. A number of suitable catalysts were investigated by researchers.
Recently, Pawelec et al. contributed a review on the HDO of biomass derived liquids over transition
metal sulfide catalysts [58]. This section focuses on the use of sulfide catalysts in HDO process.

Table 4. HDO catalyzed by metal sulfides.

Catalyst Reactor
Reaction Conditions

Reactant Con./% Major Product Ref.
Pressure/bar Temp/◦C WHSV/h−1

MoS Batch 28 350 - Phenol 71 Benzene, cyclohexane,
Cyclohexene [59]

CoMoS Batch 28 350 - Phenol 98 Benzene, cyclohexane,
Cyclohexene [59]

NiMoS Batch 28 350 - Phenol 96 Cyclohexane,
Benzene, Cyclohexene [60]

NiS Batch 28 350 - Phenol 35 Cyclohexane,
cyclohexene, Benzene [60]

MoS2 Batch 28 350 - 4-Methylphenol 52 Toluene,
2,4-dimethylphenol [61]

MoS2 Fixed-bed 40 300 - Guaiacol 100
Phenol, cyclohexane,

benzene,
methylcyclopentane

[62]

CoMoS Fixed-bed 40 300 - Guaiacol ≈95 Phenol, benzene [62]

NiMoS/Al2O3 Fixed-bed 21 280 - 2,3-Dihydrobenzofuran ≈50 2-Ethylphenol,
ethylcyclohexane [63]

CoMoS/MgO Batch 50 350 - Phenol 17
2-Cyclohexylphenol,
cyclohexylbenzene,

cyclohexanol
[64]

MoS2/AC Batch 50 300 - Guaiacol ≈50 Phenol, catechol,
cyclohexene [65]

CoMoWS/SBA-15 Fixed-bed 30 310 24.5 Anisole 38 Phenol, cresol, xylenol [66]

ReS2/AC Batch 50 300 - Guaiacol ≈40 Phenol, catechol [67]



Catalysts 2017, 7, 169 11 of 22

In an early investigation, sulfide CoMo and NiMo supported on γ-A12O3 were employed
for HDO of carbonyl, carboxyl and guaiacyl groups. It is found that NiMoS/γ-A12O3 showed
higher decarboxylating activity compared to CoMoS/γ-A12O3 and increased the content of heavy
products in HDO process of guaiacol [68]. Massoth et al. carried out phenol HDO catalyzed by
sulfide CoMoS/A12O3 at 573 K and 28.5 bar hydrogen pressure and obtained benzene, cyclohexene,
cyclohexane and H2O as major products [69]. The mechanism of guaiacol HDO promoted by sulfide
CoMo and NiMo/A12O3 involved demethylation, demethoxylation and deoxygenation, followed
by benzene ring saturation [70]. Compared with sulfide catalyst supported on A12O3, Nava et al.
found that the activity of all the studied sulfide CoMo catalysts supported on mesoporous silicates
were much higher. The selected mesoporous silicates included disordered mesoporous silica (DMS-1),
hexagonal mesoporous silica (HMS) and cubic mesoporous silica (SBA-15, SBA-16). Among these four
catalysts, CoMo/SBA-16 was considered as the most effective catalyst, indicating that the support
morphology could strongly influence the catalytic response of catalysts [71]. Bui et al. investigated
the effect of cobalt on MoS2 catalyst during the conversion of guaiacol. With addition of cobalt,
the direct deoxygenation pathway involved in guaiacol conversion was obviously enhanced compared
to the non-promoted MoS2, resulting in higher selectivity of aromatic hydrocarbons [62]. Yoosuk
et al. compared the HDO activities of MoS2, NiMoS2 and NiS2 using phenol as a model substrate.
They observed that NiMoS2 were more active than either of the other two catalysts and the maximum
synergy was observed at a Ni/(Mo + Ni) molar ratio of 0.3 [60]. Several unsupported MoS2 with
different morphology were used by Yang et al for HDO of phenolic compounds. They found that was
favored over MoS2 with a lower degree of stacking (MoS2 derived from AHM) facilitated the C–OH
bond hydrogenolysis, whereas MoS2 with a higher degree of stacking (exfoliated MoS2) facilitated
aromatic ring hydrogenation [61].

4.2. Noble Metal Catalysts

Noble metal catalysts such as Pt, Pd, Rh and Ru have high catalytic activities for hydrotreating
and can obviously improve the H/C ratio of pyrolysis oil. A large study showed that noble metal
catalysts had high activities for HDO of pyrolysis oil. The effect of Pt on oxygen removal was better
than NiMo and CoMo catalysts under the same conditions. However, high costs and difficult recovery
limit the industrial application of noble metal catalysts. Recent studies about HDO catalyzed by noble
metal catalysts are listed in Table 5.

For this series of zirconia-supported catalysts (Pd, Pt, Rh/ZrO2) studied by Arditanti et al.,
Pd/ZrO2 gave the highest activity and Rh/ZrO2 results least carbon deposition [72]. All these
noble metal catalysts showed higher activities than conventional CoMo/Al2O3. Zanuttini et al.
carried out cresol deoxygenation with Pt-Al2O3 catalysts at atmospheric pressure, observing that
methylcyclohexane was the major product at low temperature, while toluene achieved its highest yield
at 573 K [73]. The vapor-phase HDO of anisole over a bifunctional Pt/Hβ catalyst was conducted
by Zhu et al. at 673 K and atmospheric pressure showed that the major products were benzene,
toluene and xylene. They found that the acidic function catalyzed transalkylation, meanwhile the
metal function promoted both demethylation and hydrodeoxygenation. Thus, compared with H-Beta
and Pt/SiO2 catalysts, less phenolic compounds and saturated hydrocarbons were obtained on the
bifunctional catalyst [74]. In addition, a similar result was carried out from the HDO of m-cresol over
the bifunctional Pt/HBeta catalyst [75]. Dwiatmoko et al. performed HDO of phenolic monomers
over Ru catalysts supported on five different carbon materials. Among these catalysts, Ru supported
on multi-walled carbon nanotubes (Ru/MWCNT) exhibited the highest HDO activity, owing to
high surface area of Ru and high external surface area of the MWCNT [76]. Lu et al. synthesized
TiO2-modified Pd/SiO2 catalyst (TixPd/SiO2) for the conversion of guaiacol to investigate synergistic
effect between Ti and Pd. They reported that addition of TiO2 suppressed the sintering of Pd particles
resulting in high conversion of guaiacol, and TixPd/SiO2 showed deoxygenation activity while
Pd/SiO2 only exhibits hydrogenation activity [77]. Echeandia et al. compared the catalytic activities of
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Pd catalysts supported on different support (zeolite HY, Al2O3 and HY-Al2O3) for the HDO of phenol.
The activity of Pd/20%HY-Al was the largest, which could be attributed to H-spillover phenomenon
and a large Pd dispersion [78].

Table 5. HDO catalyzed by noble metal catalysts.

Catalyst Reactor
Reaction Conditions

Reactant Con./% Major Product Ref.
Pressure/bar Temp./◦C WHSV/h−1

TixPd/SiO2 Fixed-bed 20 300 25 guaiacol 100 methoxycyclohexanol,
cyclohexanol, cyclohexane [77]

Pt/TiO2 Fixed-bed 20 350 200 Cresol ≈82
Cyclohexanol,3-methyl,

Cyclohexanone,3-methyl,
Cyclohexane, methyl

[79]

Pd-FeOx/SiO2 Fixed-bed 60 450 ≈1.3 Furans - 2-Methyl-decane [80]

Ru/ZrO2-La(OH)3 Batch 10 170 - Guaiacol 100
Cyclohexanol,

2-methoxycyclohexanol,
methane

[81]

PtMo/Al2O3 Fixed-bed 5 250 - Cresol ≈95 Methylcyclohexane,
3-methylcyclohexanol [82]

Pd/HZSM-5 Batch 20 200 - Cresol 100 Methylcyclohexane [83]

Pt/Hβ Fixed-bed 1 350 2 Cresol 100 Toluene [84]

Ru/CARF a Batch 40 250 - Guaiacol 97 Cyclohexanol,
2-methoxycyclohexanol, [76]

Ru/MWCNT b Batch 40 270 - Vanillin 100
4-Methylcyclohexanol,
4-propylcyclohexanol,

methylcyclohexane
[76]

Ru/ZrO2 Fixed-bed 64 200 1 Propanoic acid 94 Ethane, propane, methane [85]

Ru/Al2O3 Fixed-bed 64 200 1 Propanoic acid 58 Propanol, propane, ethane [85]

Ru/C Fixed-bed 64 190 1 Propanoic acid 94 Ethane, methane, propane [85]

Pt/MgO Fixed-bed 1 300 11 Guaiacol 6 Phenol, catechol,
cyclopentanone [86]

Pt/MZ-5 c Fixed-bed 40 200 6 (LHSV) Dibenzofuran 98 Bicyclohexyl,
Cyclopentylmethyl-cyclohexane [87]

Pt-Sn/CNF/Inconel d Fixed-bed 1 400 0.3 Guaiacol 100 Phenol, benzene [88]

Pt/γ-Al2O3 Fixed-bed 1 300 20 Guaiacol ≈6 Catechol, phenol,
3-methylcatechol [89]

Zn/Pd/C Batch 21 150 - Vanillylalcohol >99 2-Methoxy-4-methylphenol [36]

Pt/Al2O3 Fixed-bed 29 225 - Glycerol 90 Ethanol, 1,2-propanediol,
carbon dioxide [90]

Rh/SiO2-Al2O3 Batch 40 250 - Guaiacol 100 Cyclohexane, [91]

Ru/SiO2-Al2O3 Batch 40 250 - Guaiacol 100 Cyclohexane, cyclohexanol [91]

RhPt/ZrO2 Batch 80 100 - Guaiacol ≈100 1-Methyl-1,2-cyclohexanediol,
cyclohexanol [92]

a CARF means carbon aerogel; b MWCNT means multi-walled carbon nanotubes; c MZ-5 means mesoporous
ZSM-5; d CNF means carbon nanofiber.

4.3. Non-Noble Metal Catalysts

Recently, non-noble metal catalysts including base metals, metal oxides, phosphides, carbides
and nitrides are widely used for upgrading of bio-oil. Due to the low price of biomass feedstock,
using noble catalysts in upgrading process is uneconomical. Therefore, HDO catalyzed by non-noble
metal catalysts has drawn mounting attention. The HDO reactions catalyzed by non-noble metals are
summarized in Table 6.

Mortensen et al. screened in total 23 catalysts for phenol HDO at 548 K and 100 bar, observing
that Ni had the best performance among tested non-noble metal catalysts [93]. Compared with
the high activity of oxide supported nickel catalysts, Ni/AC showed very low activity for phenol
HDO, proving that hydrogenation occurred on the oxidic support while deoxygenation took place
on the crystallites. Interestingly, reverse result was obtained by Dongil et al. for the conversion of
guaiacol over Ni/CNT catalysts at 50 bar and 573 K in a batch reactor [94]. The guaiacol conversion
could up to 100% yielding cyclohexanol, cyclohexane and methoxycyclohexanol as major products.
These results means the property of support may also dramatically affect the HDO performances.
Shafaghat and co-workers investigated the HDO of a phenolic mixture catalyzed by Ni/HBeta,
Fe/HBeta and NiFe/HBeta [95]. They observed that hydrogenation was the dominant pathway in
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producing cycloalkanes over Ni/HBeta, while aromatic hydrocarbons were mostly produced though
hydrogenolysis over Fe/HBeta. The phenolic compounds catalyzed by NiFe/HBeta could be converted
to both cycloalkanes and aromatic hydrocarbons due to the synergistic effect between Ni and Fe.
Olcese et al. compared the activity of Fe/SiO2 and Co/Kieselguhr for the gas phase HDO of guaiacol at
623–723 K [96]. They found that Fe/SiO2 showed good selectivity to form aromatic hydrocarbons but
did not exhibit activity for the hydrogenation of the aromatic ring. The n-electrons of the oxygen atoms
are more basic than the π-electrons of C=C aromatic system, so the O atoms in hydroxyl or methoxyl
groups were adsorpted on the weak acidic OH sites. Subsequently, C-O cleavage was catalyzed by the
active H-species coming from the dissociation of hydrogen molecules on the iron particles. Metallic
oxide also been investigated as catalyst for bio-oil upgrading. Selvaraj et al. considered HDO of
guaiacol over MoO3-NiO/mesoporous silicates at atmospheric pressure, observing the following
order of HDO activities: MoO3-NiO/MAS (mesoporous aluminosilicate) > MoO3-NiO/Ti-SBA-15
> MoO3-NiO/SBA-15 [97]. However, naphthenic hydrocarbon was the major product over
MoO3-NiO/MAS compared to other catalysts, where and aromatic hydrocarbon was the major product.
The effect of support on the catalytic activity was also investigated by Loricera and co-workers.
ZnNi/Ti (TiO2), ZnNi/2Ti-Si (hybrid 2TiO2-SiO2), ZnNi/S15 (SBA-15) and ZnNi/Ti-S15 (SBA-15
decorated with TiO2) were used for the HDO of phenol [98]. It was found that large BET surface
area and acidity of supports were conducive to improving the catalytic efficiency. Ghampson et al.
investigated ReOx supported on oxidized carbon nanofiber (ReOx-CNFox) to catalyze phenol HDO at
573 K, finding that phenol was completely converted at 10% ReOx loading [99]. The coordinatively
unsaturated Re4+, which acts as a Lewis acid, interacts with the oxygen lone pair on phenol. The C-1
of phenol accepts H+ from surface hydroxyl groups resulting in an adsorbed phenoxide ion. After
that, benzene was produced though C-O bond cleavage and the recovery of the oxygen vacancy were
accomplished by the elimination of water.

Metal carbides have attracted great attention as hydroprocessing catalysts since tungsten carbide
(WC) was proved to have Pt-like property [100]. Frühberger and Chen also reported that surface
modified by carbon converts the reactivity of Mo to that of Pt-group metals [101]. In particular,
the catalytic activity of metal carbides can approach or surpass that of Pt-group metals in reaction like
hydrogenation and dehydrogenation [102]. Lee et al. investigated the vapor-phase HDO of anisole
catalyzed by Mo2C at 420–520 K under ambient pressure, in which benzene selectivity was up to
90% and cyclohexane selectivity was lower than 9% [103]. Chen et al. further obtained high yields of
benzene and toluene from HDO of phenolic mixtures over Mo2C catalyst at 533–553 K and atmospheric
hydrogen pressure. It is demonstrated that Ar-OCH3 in guaiacol was cleaved prior to the Ar-OH,
and the low selectivity for saturated hydrocarbons (e.g., cyclohexane and methylcyclohexane) was
due to in-situ modification of Mo2C surface by oxygenates [104]. Recently, Lu et al. synthesized
two ordered mesoporous metal carbides, Mo2C and W2C, to investigated the conversion of anisole
in gas-phase at relatively low temperatures (423–443 K) [105]. Mesoporous W2C catalyst showed
a highest benzene selectivity reported to date (~96%) in anisole HDO, ascribed to the stronger
oxygen affinity of tungsten and stronger W−O bond in comparison to the Mo−O bond. Metal
nitrides have also drawn interest as candidate catalysts for hydrotreating bio-oil because of the
coexistence of acidic and basic sites on nitrides caused by electronegativity differences between the
metal and nitrogen atoms [106]. Currently, few researchers work on metal nitrides catalysts for bio-oil
upgrading. Ghampson et al. considered the effect of Mo2N on the conversion of guaiacol at 573 K
and 50 bar hydrogen pressure in a batch reactor, finding that Mo2N was the most active compared
to Mo2N0.78 and other molybdenum compounds [107]. Moreover, the addition of cobalt produced
higher yields of deoxygenated products than Mo2N due to the presence of Co3Mo3N particles. HDO
of guaiacol catalyzed by Mo2N catalysts supported on activated carbons with different textural and
chemical properties was studied by Sepúlveda and co-workers [108]. The Mo2N/Norit catalyst
exhibited highest activity relative to Mo2N/Cudu and Mo2N/Pica, because the high mesoporosity
of Norit carbon facilitated reactant diffusion to the internal surfaces. Mo2N/Norit also displayed
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higher phenol/catechol ratio than other catalysts. Metal carbides, nitrides and sulfides have similar
preparation method. Generally, the starting materials of Mo-based catalysts are MoO3 or its precursor
(e.g., ammonium heptamolybdate). Mo2C, Mo2N, MoS2 could be prepared with pretreatment in
CH4/CO/C3H8, NH3 and H2S flow, respectively [109–111]. Saito and Anderson compared the
activities of these three catalysts with different pretreatments, indicating that Mo2C and Mo2N had
similar adsorbability of hydrogen, which was three times higher than that of MoS2 [111].

Due to the ensemble and/or ligand effects of P, transition-metal phosphides exhibit high activity
as hydrotreating catalysts and have drawn great attention for bio-oil upgrading [112]. Bui et al.
synthesized a series of metal phosphides supported on SiO2 to investigate the catalytic activity on
conversions of 2-methyltetrahydrofuran at 573 K and 1 bar. The HDO activities decreased in the
sequence of Ni2P > WP > MoP > CoP > FeP and the selectivity toward HDO products followed the
order of MoP > WP > Ni2P > FeP > CoP (phosphite method) and MoP ~WP > FeP > Ni2P > CoP
(phosphate method) [113]. An investigation of the anisole HDO catalyzed by Ni2P/SiO2, MoP/SiO2,
and NiMoP/SiO2 with different Ni/Mo ratios led to the conclusion that Ni2P exhibit superior activity
to that of MoP and the coexistent Ni and Mo could facilitate the phosphides dispersion. Three
major products, phenol, benzene and cyclohexane, were obtained via demethylation, hydrogenolysis,
and hydrogenation, and both metal sites and PO-H groups were active for these reactions [112].

4.4. Catalyst Deactivation

Catalyst deactivation is an obvious problem in HDO, which means loss of catalyst activity as
the reaction progress. Catalyst deactivation can be caused by coking, sintering, poisoning, and metal
deposition. Catalysts properties are influenced with the degree of these phenomena. Especially,
carbon deposition is known as the major cause of HDO catalysts deactivation. Polymerization and
polycondensation are considered as main reactions leading to coke formation due to the obvious
difference between the average molecular weight of coke and those present in the feeds. Therefore,
the adsorbed reactants have a significant effect on the degree of carbon deposition. Unsaturated
oxygenates in bio-oil, especially phenols and furans, are regarded as the predominant coke precursors
since they can strongly interact with the catalytic surface [114]. Moreover, it has been reported
that double-oxygen compounds were much more prone to coke formation than single-oxygen
compounds [115]. The HDO of anisole and guaiacol conducted by González-Borja and Resasco also
suggested that more severe catalyst deactivation was observed with guaiacol relative to anisole [88].
In addition to reactant structures, catalyst properties such as acidity play an important role in coke
formation. In the study for HDO of guaiacol over CoMoS catalysts, Bui et al. reported the conventional
alumina support obviously induced the formation of heavier products resulting in catalyst deactivation,
while supports with less acidity (ZrO2 and TiO2) formed less heavy by-products [116]. Meanwhile,
it is proposed that Lewis acid sites bind reactant species adsorb to catalyst surface, and Brønsted
acid sites supply protons to form carbocations as coke precursors [114]. Zanuttini et al. confirmed
that Pt/SiO2 had higher carbon deposition in the HDO of m-cresol compared to Pt/Al2O3 due to the
presence of Brønsted acid sites on silica supported catalyst, while alumina catalyst only had Lewis
acid sites [117]. Therefore, the contribution of the Lewis and Brønsted acidic sites to coke formation
is still debatable. Operating conditions such as temperature, H2 pressure and contact time are also
relevant to coke formation during hydroprocessing. Low H2 pressure and reaction temperature tend
to promote coke formation reactions rather than hydrogenation reaction. Li et al. studied the effect
of reaction temperature on coke formation, finding that increased temperature caused severe coke
formation despite the improvement of HDO extent [118].
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Table 6. HDO catalyzed by non-noble metal catalysts.

Catalyst Reactor
Reaction Condition

Reactant Con./% Major Product Ref.
Pressure/bar Temp./K WHSV/h−1

Fe/Ni/Hβ Fixed-bed 1 573–723 0.25~0.4 Guaiacol 100 Phenol [119]

ReOx/CNF a Batch 30 573 - Phenol 100 Cyclohexane, benzene [99]

Ni/CNT b Batch 50 573 - Guaiacol 100
Cyclohexane,
cyclohexanol,

Methoxycyclohexanol
[94]

Ni2P/Al2O3@TiO2 Fixed-bed 30 - 4 Benzofuran 95
Ethylcyclohexane,

ethylbenzene,
methylcyclohexane

[120]

NiCu/CNT b Batch 50 573 - Guaiacol 100
Cyclohexanol,
Cyclohexane,

Methoxycyclohexanol
[121]

Ni2P/Al-SBA-15 Batch 40 493 - Phenol ≈100 Cyclohexane [122]

Co2P/Al-SBA-15 Batch 40 493 - Phenol 83 Cyclohexanol,
Cyclohexane [122]

MoP/Al-SBA-15 Batch 40 493 - Phenol ≈20 Cyclohexanone,
benzene, Cyclohexane [122]

Ni/Al-MCM-41 Fixed-bed 1 673 0.6 Guaiacol ≈100 Methane [123]

Co/Al-MCM-41 Fixed-bed 1 673 0.6 Guaiacol ≈100 Benzene, phenol,
methane [123]

Mo2C/CNF a Batch 55 623 - Guaiacol >99 Phenol, cresol [124]

Meso-W2C Fixed-bed 1 343 - Anisole ≈2 Benzene [105]

W2C/CNF a Batch 55 623 - Guaiacol 66 Phenol, cresol [124]

MoO3 Fixed-bed 1 593 ≈0.2 Guaiacol 98 Benzene, phenol,
anisole, toluene [125]

NiCu/ZrO2-SiO2 Batch 50 613 - Guaiacol 91 Cyclohexane, benzene,
catechol, [126]

Ni/SiO2-ZrO2 Batch 50 573 - Guaiacol 100 Cyclohexane,
Cyclohexene [127]

Fe/SiO2 Fixed-bed 1 673 0.67 Guaiacol 100 Methane, phenol,
benzene [96]

Ni/CeO2 Batch 100 548 - Phenol 100 Cyclohexanol [93]

Ni/MgAl2O4 Batch 100 548 - Phenol 100 Cyclohexanol,
cyclohexane [93]

NiMoP/Al2O3 Fixed-bed 70 613 - Benzofuran 48 2-Ethylphenol,
2,3-dihydrobenzofuran [128]

Ni/Cr2O3 Fixed-bed 10 573 6 (LHSV) Anisole 90.2 cyclohexane [129]

Ni–Cu/CeO2 Fixed-bed 10 523 1 (LHSV) Anisole 100 cyclohexane [129]

Ni-W(Si) c Fixed-bed 15 523 0.5 Phenol 100 cyclohexane [130]

Ni-W(P) d Fixed-bed 15 523 0.5 Phenol 100 cyclohexane [130]

a CNF means carbon nanofiber; b CNT means carbon nanotube; c tungsten precursor was silicotungstic acid (HSiW);
d tungsten precursor was phosphotungstic acid (HPW).

5. Conclusions

Although the hydrogenation technology applied for pyrolysis oil has been developed for decades,
some problems still exist that clog the development of this technology. (1) High cost and low
hydrogen efficiency: HDO process can improve the pyrolysis oil quality, but it generally has low
hydrogen utilization efficiency. Now, a better way to optimize the process is the combination of
different hydrogen production to supply operations such as two-stage hydrodeoxygenation and in situ
hydrogenation. The combination of these operations lowers the operation cost and produces more high
value chemicals. (2) Complexity of operation process: In order to make the system work continuously,
solid particles in pyrolysis oil have to be removed. Downstream treatment after hydrodeoxygenation
is required to remove water to lower the water content in the meantime. Another vital operation unit
is hydrogen regeneration unit, which can decrease the hydrogen consumption. Due to the process in
whole system is complex, effectively simplify the operation system can dramatically lower the cost and
make it easy to enlarge the system. (3) Proper catalyst and catalytic system: One of the key research
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subjects is to find out suitable catalysts. Noble metals are considered as a kind of efficient catalysts if
its high cost is not taken into consideration.

These problems we summarized have hindered further development of biomass pyrolysis oil for
a long time. However, with the development of modern analysis instruments and new generation
technology, we believe there will be some breakthrough in this area. (1) Understanding the composition
of biomass pyrolysis oil: Since biomass pyrolysis oil is a mixture of organic compounds, the properties
of these components are complex, and molecular weight distribution is also very wide. FT-ICR, NMR
and GC × GC have been proven as powerful analysis methods to identify different groups, of which
conventional GC/MS can only provide limited information about these components. MS is the most
common way to identify chemicals in biomass research. Considering the conditions of pyrolysis oil,
a soft ionization mass spectrum is a better choice to identify mixtures. With the rapid development of
new mass spectrum, it gives us a better understanding about both organic and inorganic components.
(2) Understanding pyrolysis chemistry: Compared to other solid feedstock, biomass pyrolysis is a more
complex process since it contains many O atoms. Thus, it is a big challenge to understand its pyrolysis
pathways. Researchers designed different experiments to study the pyrolysis chemistry. Generally
speaking, biomass pyrolysis contains two stage reactions. Thus, understanding the two stage reactions
and their interactions are extremely of great value for pyrolyzer design and downstream processes.
(3) Catalyst and catalytic process design: A high efficient catalyst and catalytic process is the core of
pyrolysis oil upgrading. Transitional metal carbides were proved to act like noble metals, which may
give us a series of low cost catalyst systems which can work at low hydrogen pressure. A good design
of catalytic process should be based on both catalytic reactions and interaction between reactions.
Since different pyrolysis compositions have dramatically different properties and transform pathway,
synergy effect of different components should be considered during the designation.

In this review, we summarized recent progress in biomass pyrolysis oil upgrading to hydrocarbon
fuels, mainly focusing on hydrodeoxygenation process. Although biomass pyrolysis oil upgrading
research has been developing for decades, problems still exist as the bottleneck for further
industrialization. Herein, we proposed our solutions: with the usage of modern analysis technology
to understand the pyrolysis intermediates and product distribution, a more precise reaction network
should be developed which is extremely useful to understand what will be converted. With the help
of more precisely understanding on upstream composition, high activity and selectivity catalysts can
be designed. In addition, source of coke formation and effect of alkaline salt are profitable to extend
the life-span of catalyst. Based on selected catalyst, a better catalytic process will be designed for large
scale industrialization.
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