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Abstract 

Catalytic hydrodeoxygenation (HDO) is a fundamental and promising route for bio-oil upgrading to 

produce petroleum-like hydrocarbon fuels or chemical building blocks. One of the main challenges of 

this technology is the demand of high-pressure H2, which poses high costs and safety concerns.  

Accordingly, developing cost-effective routes for biomass or bio-oil upgrading without the supply of 

commercial H2 is essential to implement the HDO at commercial scale. This paper critically reviewed 

the very recent studies relating to the novel strategies for upgrading the bio-feedstocks with ‘green’ H2 

generated from renewable sources. More precisely, catalytic transfer hydrogenation/hydrogenolysis 

(CTH), combined reforming and HDO, combined metal hydrolysis and HDO, water-assisted in-situ 

HDO and non-thermal plasma (NTP) technology and self-supported hydrogenolysis (SSH) are 

reviewed herein. Current challenges and research trends of each strategy are also proposed aiming to 

motivate further improvement of these novel routes to become competitive alternatives to conventional 

HDO technology. 

Introduction 

The increasing energy demand and environmental pollution arise the utilization of sustainable and low-

carbon energy to decrease the excessive dependence on limited fossil fuels. In the recent decades, 

biomass has sparked great interest become among renewable sources considering its distinctive 

features, such as low price, low-carbon emission, abundant storage and wide distribution [1]. Among 

all technologies, depolymerization and deoxygenation are two essential processes for biomass 

valorisation to produce high-valued chemicals and transportation fuels. Hydrodeoxygenation (HDO) 

technology is typically applied for bio-oil upgrading in which the oxygen will be removed in the form 

of water. Previous study about the HDO of bio-feedstocks mainly focused on bio-oil model compounds 

to obtain fundamental mechanistic understanding of bio-oil upgrading process. Recently, the upgrading 

of crude bio-oil has gained more attention. The ‘Achilles Heel’ of this technology is demand of high 

pressure H2- an expensive resource which could impose security consideration and an economic barrier 

for its application on commercial scale [2]. Recently, novel strategies are being developed for bio-oil 

or biomass upgrading with in-situ generated hydrogen thus suppressing external H2 supply. These novel 

routes include (1) CTH, (2) combined reforming and HDO process, (3) combined metal hydrolysis and 

HDO process, (4) water-assisted in-situ HDO process, (5) NTP and (6) SSH. The hydrogen source of 

each technology was depicted in Figure 1. Catalytic HDO of bio-oil have been extensively reviewed by 

Li [3], Besson [4] and Kim et.al [5]. Herein, most recent findings regarding six cost-effective routes for 

bio-oil or biomass upgrading were selectively overviewed in this work, facilitating the design of 
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advanced catalysts and motivating the development of potentially economically viable route for 

catalytic biomass or bio-oil upgrading.  

 

 

 

Figure 1. Novel strategies for bio-oil or biomass HDO with in-situ hydrogen generation (CTH: Catalytic transfer 

hydrogenation/hydrogenolysis; RHDO: Combined reforming with hydrodeoxygenation; HHDO: Combined metal hydrolysis 

with hydrodeoxygenation; WHDO: Water-assisted in-situ hydrodeoxygenation; NTP: Non-thermal plasma; SSH: Self-

supported hydrogenolysis) 

 

Catalytic Transfer Hydrogenation/Hydrogenolysis (CTH) 

Apart from the in-situ H2 generation, the CTH technology owns several advantages such as mild 

reaction conditions, high atom efficiency and less cost of the experimental setup [6]. Moreover, it is 

demonstrated that CTH strategy can avoid the excessive hydrogenation and thus favour the production 

aromatic hydrocarbons compared to conventional HDO route [7,8]. The CTH technology is still in the 

bud for its application in the HDO of bio-oils, especially for phenolic compounds [8]. The challenge of 

this strategy remains on the enhancement of deoxygenation rates.  

The rational design of catalysts for facilitating synchronous H2 generation and selective C-O bond 

cleavage of bio-feedstocks is the key to fulfilling the high HDO efficiency. In most existing 

investigations, noble catalysts including Ru, Pd and Pt and non-noble catalysts including Ni and Co are 

among the best candidates for CTH of phenolic compounds. Typically, bimetallic catalysts are superior 

to monometallic catalyst, due to the introduction of a suitable second metal tuning the metal-H strength 

on the metal surface, which significantly impacts the decomposition of H-donor and H2 spillover rates. 

The optimization of metal-H bonding strength is still a challenge. Most recently, Jin et al.  hypothesised 

the atom H transfer route for mono, bi-metallic admixture showcasing the potential of bimetallic 
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catalysts in CTH process [6]. For bimetallic catalyst, the CTH reactions involved the atomic H transfer 

form one metal site to another, while the dehydrogenation of hydrogen donor and the hydrogenolysis is 

proposed to occur on the same metal site for alloyed bimetallic catalysts [6]. For RANEY Ni catalytic 

system with 2-proponal as hydrogen donor, the reactivity patterns vary with the position of methoxy 

group on the substrate. The ATR-IR spectra revealed that the adsorbed guaiacol assumes a parallel 

orientation to the catalyst surface, which allows a strong interaction between the methoxy C–O bond 

and the surface of catalyst. Conversely, the adsorption of 3- or 4-methoxyphenol leads to a tilted surface 

complex in which the methoxy C–O bond establishes no interaction with the catalyst [9]. 

Formic acid [10, 11] and alcohols (e.g. methanol [12], ethanol [13] [14], 2-proponal  [15] [16] [17]), 

have been proved efficient hydrogen donor for CTH process. Generally speaking, small molecules, such 

as methanol and formic acid are more selective to H2 generation compared to long chain alcohols. The 

deteriorated properties for H2 production could be attributed to the high extent of parallel consumption 

routes in the upgrading process (i.e. dehydration, condensation and etherification) [18]. More recently, 

researchers are making effort on applying the CTH idea in upgrading of raw feedstocks. Mg-Ni-Mo 

catalyst supported by KOH treated activated charcoal was demonstrated to be effective for upgrading 

the bio-tar with supercritical ethanol as the H-donor [14]. The oxygen content decreased from 30.5 wt.% 

to 11.7 wt.% through series of reactions, such as esterification, hydrogenation, deoxygenation and ring-

alkylation. Similarly, methanol was proved to be effective hydrogen donor for the upgrading of 

pyrolytic oil (degree of deoxygenation= 50-54%) over Pd/C and Pt/C catalyst [19]. Further 

improvement on enhancing the stability of catalyst is needed considering the obvious deactivation of 

catalyst caused by the carbon deposition. Recently, the group of McClelland [12] investigated the 

supercritical methanol depolymerization and hydrogenation (SCM-DHDO) of maple wood and two 

extracted lignins over reduced porous copper metal oxides using supercritical methanol as hydrogen 

source. The effective HDO reflects on the decreased O/C ratio of feedstock SCM-DHDO products, in 

which the O/C ratio decreased from 0.32 in GVL extracted lignin to 0.06 and 0.04 in GVL extracted 

lignin and maple wood products derived through SCM-DHDO process at 300 oC. Similarly, Regmi and 

co-workers [13] investigated the CTH of organosolv lignin over B-containing FeNi alloyed catalysts 

using supercritical ethanol as the hydrogen donor at 320 oC. It is demonstrated that the B-containing 

FeNi alloys could mediate the selective CTH of ketones to alkanes. The addition of B as promoter could 

enhance the hydrogenation of C=O bond and C-O hydrogenolysis. By using acetophenone as a model 

compound in this process, high reactivity (Conversion=74%) and selectivity towards completed 

deoxygenated product, ethylbenzene (Selectivity=84%) was obtained. Surprisingly, the addition of 

external H2 in the catalytic system decreased the monophenols production for the CTH of lignin over 

PtRe/TiO2 with 2-propanol as hydrogen source. The competitive adsorption of active sites on catalysts 

might result in the adverse effect of H2 on the depolymerization of lignin [17]. Generally, the 

combination of depolymerization and CTH in one pot simplified the experimental setup and is effective 

for the lignin monomers production. 

 

Combined Reforming and HDO Process (RHDO) 

The combined reforming and HDO (RHDO) strategy resembles to the CTH strategy discussed in the 

previous section. Some authors classify the RHDO route to the CTH for liquid phase in-situ HDO 

process probably due to reforming of H-donor (e.g. alcohols) might happen with the participation of 

H2O produced from the hydrogenolysis process. In this review, the route of RHDO is emphasised since 

the concept of RHDO route is designed with reforming as the main H2 generation route instead of the 

decomposition or dehydrogenation of H-donor. Figure 2 depicts a scheme of the in-situ HDO via CTH 

and RHDO route. 



 

Figure 2. Catalytic biomass upgrading via CTH and RHDO routes 

Varma et.al [20] proposed the strategy for bio-oil deoxygenation using in-situ hydrogen generated from 

methane steam reforming. In this process, the multiple reactions including biomass oxygenates 

dehydration and aromatization together with the methane steam reforming make it realizable for 

upgrading the bio-oil into aromatic hydrocarbons. Further improvement relating to the deoxygenation 

degree is urgently needed, however, no new publications for bio-oil upgrading via this route is observed 

in the recent years. 

H2 formation rate for methanol reforming is higher than the dehydrogenation of other common 

hydrogen donors (including formic acid, ethylene glycol, ethanol, 1-propanol, 2-propanol, 1-butanol, 

2-butanol and tert-butanol) in catalytic systems with the absence of bio-feedstocks. Moreover, methanol 

is proved to be the best H-donor for selective production of 1,2-propanediol from glycerol [18]. Glycerol 

is the one of the main by-products during the biodiesel production.  H2 production from the sacrifice of 

part of substrates can upgrade the glycerol to deoxygenated products [21] [22]. More recently, attempts 

about using glycerol APR as the hydrogen source for the bio-oil upgrading process were conducted by 

researchers. Remón et al. [23] proposed using crude glycerol as the hydrogen source for the valorisation 

of bio-oil in supercritical water. Results indicated that the synergistic interaction between crude glycerol 

and bio-oil results in an important decrease in the solid yield [23]. Domínguez-Barroso et. al [24] 

combined of glycerol-APR and the hydrodeoxygenation of fatty acid over PtNi/Al2O3 catalysts. 

However, low deoxygenation conversion of fatty acid (37%) was obtained considering the difference 

between the optimal condition of glycerol-APR (200 oC) and in-situ HDO of fatty acid (275 oC). Overall, 

the RHDO route is promising for the non-fossil H2-based HDO process. The matching of APR and 

HDO condition should be the key consideration for the design of catalytic upgrading system. 

Combined Metal Hydrolysis and HDO Process (HHDO) 

Active metals, such as beryllium (Be), aluminium (Al), zinc (Zn), magnesium (Mg), Calcium (Ca), 

lithium (Li), sodium (Na), and potassium (K) can produce H2 by reacting with water. Zn and Al 

excellent candidates. HHDO owns several advantages compared with other novel routes. For example, 

HDO is favoured since the energy can be released from the exothermal metal hydrolysis process. 

Besides, metallic oxide, such as ZnO, AlOOH and MgO have catalytic properties [25], which might 

promote the HDO reaction. 

Cheng et.al [26] firstly proposed the in-situ HDO of bio-oil with hydrogen generated from zinc 

hydrolysis. However, the deoxygenation degree is not satisfactory, in which oxygen content decreased 

from 48.78% wt.% to 30.20 wt.% over Pd/C at 250 oC [27]. They further investigated the catalytic 

liquefaction of pine sawdust and in-situ hydrogenation of bio-crude over Co-Zn/HZSM-5 catalysts by 

using zinc hydrolysis as the hydrogen source. The bimetallic Co-Zo/HZSM-5 is superior to 

monometallic Co/HZSM-5 and Zn/HZSM-5 in terms the production of hydrocarbons considering the 

synergistic effect of Co and Zn on the support. The oxygen content decreased significantly from original 



44.87 wt.% in pine sawdust to 15.29 wt.% for upgraded bio-oil [28]. Following the same strategy, Zero-

valent aluminium (ZV-Al) and bio-oil aqueous phase were used as hydrogen source in Yang’s study 

[29]. As a result, the degree of deoxygenation of crude bio-oil reached 76.38%. The higher hydrogen 

yield derived from the reaction of ZV-Al and bio-oil aqueous phase compared to that of ZV-AL and 

water can be attributed to the aqueous phase reforming reactions in the catalytic reaction system. In 

summary, HHDO is effective for deoxygenation of bio-feedstocks. However, the cost of H2 production 

from Zn and Al mental hydrolysis is higher than the industrial H2 and the recovery of zero-valent metal 

is the main challenging for the commercial application of HHDO strategy. The group of Chen [26] 

proposed a looped-Zn catalysis for metal recycle and bio-oil HDO process, in which the metallic oxide 

produced from the metal hydrolysis can be recycled by using solar energy. However, the 

implementation of this concept requires massive investment on the instruments for chemical industry. 

 

Water assisted in-situ HDO Process (WHDO) 

Water, is the greenest solvent overall [30] and has the potential to provide hydrogen in HDO process. 

However, very limited attempts have been made in the HDO by using water as hydrogen source. WHDO 

route is quite challenging due to the limitations impose by water splitting. Jin et.al proposed for the first 

time this new route for the in-situ HDO using water as the hydrogen source [31]. They investigated the 

HDO of guaiacol in water-only reaction system using noble metal (Au, Pd, Ru and Rh) [31] and non-

noble metal (Ni) [32] as catalysts. They achieved remarkable conversion of guaiacol using Ru/C and 

no external H2 supply indicating that water is likely to be the main hydrogen donor in this process [31]. 

However, the reactant can also supply H2 in this reaction. According to the study of Zhang’s group, the 

mono-aromatic such as phenol and catechol might be produced from the isomerization of guaiacol, the 

cracking of the side chains and the rearrangement of the functionalities of the guaiacol [33]. Miyagawa 

et. al [34] investigated the demethoxylation of hydrogenated derivatives of guaiacol in water-only 

reaction system. Methanol could be formed from hydrolysis reaction of the reactant. In contrast to Jin’s 

study, the hydrogen applied for the HDO process is generated from the dehydrogenation of cyclohexane 

and methanol reforming.  

The proposed WHDO opens a new way for the biomass upgrading process. However, more 

investigations relating to the H-transfer route are needed to solidify this new concept. The understanding 

of the WHDO mechanism could inspire the catalysis community to develop effective catalysts for this 

economically appealing route. 

 



Figure 3. HDO of guaiacol over Ni-based catalyst using water as the H-donor (reprinted from ref.[32]. Copyright 2019 Wiley-

VCH Verlag GmbH & Co. KGaA, Weinheim) 

 

Non-thermal plasma (NTP) 

Taghvaei et. al firstly proposed the in-situ HDO of bio-oil through NTP technology [35]. The cracking 

methyl group in the structure of bio-feedstocks could provide hydrogen radicals which is required for 

HDO reactions. The coaxial cylinder dielectric barrier discharge (DBD) plasma reactor is typically used 

in bio-oil upgrading process. The investigations of NTP for bio-oil upgrading mainly focus on the 

optimizing of operation and plasma parameters and the catalyst formula. 

The group of Taghvaei did intensive investigations about the HDO of anisole [36], 4-methylanisole 

[37], guaiacol [38] with in-situ hydrogen generation through NTP technology. More recently, they 

applied the NTP to the upgrading of  guaiacol over different Al2O3 supported catalyst [39]. Unlike the 

previous studies in which catechol was the major products, this catalytic system produced high 

selectivity of aromatic hydrocarbons and phenols. High guaiacol conversion (92%) and deoxygenation 

degree (65%) were obtained using Pt-Cl/Al2O3 and Pt-Re/Al2O3 as catalysts, respectively. Fan et. al 

[40] compared the one-step and two-step plasma-catalytic upgrading of bio-oil to bio-fuel over different 

HZSM-5 supported catalysts by using DBD plasma reactor. They found that one -step configuration is 

superior to two-step configuration. The proportion of desired hydrocarbon products reached 68.89% in 

the bio-oil upgrading process over Ti/HZSM-5 catalyst. Considering the mild reaction condition 

(ambient temperature and pressure), which could alleviate the catalyst coking, NTP has gain much more 

attention in the recent few years. Recent progress on the enhancement of the HDO degree makes the 

NTP technology a comparable approach compared to CTH and WHDO. However, more research about 

the upgrading of raw bio-oil using NTP is still an open question.  

 



 

Figure 4. HDO of guaiacol using NTP technology conducted in DBD plasma reactor reproduced from [39]. 

Self-supported hydrogenolysis (SSH) strategy 

Very recently, Meng and co-workers [41] proposed a new strategy, called self-supported 

hydrogenolysis (SSH), for converting aromatic ethers to arenes without exogenous H2 and other 

additional H-donors. The selectivity of an aromatic ether could reach >99.9% at full conversion of the 

reactant over RuW/SiO2 bimetallic catalyst. The results of isotope labelling test indicated that the H 

source in the SSH route is from aliphatic H in methoxy group on the reactant rather than the water 

solvent. The strategy of SSH open a novel way for the deoxygenation of aromatic ethers to produce 

arenes without the supply of external H2 or H-donor solvent. 

The typical operation parameters and features of conversional HDO and novel in-situ HDO strategies 

were summarized in Table 1.  

 

Table 1 Conversional HDO and in-situ HDO of bio-feedstocks: operation condition and features 

 Hydrogen 

source/mechanism 

Typical 

operation 

parameters 

Pros Cons 

Conversional HDO H2 200-400 oC 

40-200 bar 

High 

deoxygenation 

efficiency 

High cost of 

H2; Safety 

concern such 

as H2 

transportation 

and storage; 

Side 

reactions: 

hydrogenation 

of aromatic 

rings 

Catalytic Transfer 

Hydrogenation/Hydrogenolysis 

(CTH) 

 

Decomposition or 

dehydrogenation of 

H-donors (e.g. 

alcohols, formic 

acid) 

 

Room 

temparature-

300 oC 

Atmospheric 

pressure 

-120 bar 

Mild reaction 

condition; 

Low cost of 

renewable H-

donor; 

Reduced 

complexity 

and cost of the 

experiment 

setup; 

Comparable 

deoxygenation 

efficiency 

CO2 

production; 

By-products 

separation; 

Low stability 

of catalysts 

due to the 

acidic reaction 

environment 

(i.e. formic 

acid as H-

donor) 



Combined Reforming and HDO 

Process (RHDO) 

 

Steam reforming or 

aqueous phase 

reforming of H-

donors (e.g. 

alcohols, methane 

and glycerol) 

200-400 oC 

5-200 bar 

Low cost of 

renewable H-

donor; 

Comparable 

deoxygenation 

efficiency 

Reduced 

complexity 

and cost of the 

experiment 

setup 

CO2 

production; 

Low stability 

of catalysts 

due to the 

acidic reaction 

environment 

(i.e. formic 

acid as H-

donor) 

Combined Metal Hydrolysis and 

HDO Process (HHDO) 

 

Hydrolysis of active 

metal (e.g. Al, Zn). 

 

250-400 oC 

50-300 bar 

Comparable 

deoxygenation 

efficiency 

 

High energy 

input in terms 

of the 

recovery of 

active metal 

Water assisted in-situ HDO 

Process (WHDO) 

 

Water splitting or 

hydrogen transfer 

200-300 oC 

50-100 bar 

Low cost and 

abundance of 

water; 

Reduced 

complexity 

and cost of the 

experiment 

setup 

Relatively low 

deoxygenation 

ability 

Non-thermal plasma (NTP) 

 

Hydrogen radicals 

produced from 

cracking of methyl 

group in reactant 

Room 

temperature; 

Atmospheric 

pressure 

 

Mild reaction 

condition; 

Alleviated 

catalyst 

deactivation 

High cost of 

experimental 

setup 

Self-supported hydrogenolysis 

(SSH) 

Hydrogen 

production from 

methoxy group in 

the reactant 

175-300 oC; 

5 bar 

High 

deoxygenation 

efficiency; 

No external 

H-donor 

needed. 

CO2 

production; 

Reactant 

restricted to 

aromatic 

ethers 

 

Conclusions and Perspectives 

This review critically discussed the novel routes for bio-oil and biomass upgrading to produce value-

added chemicals and hydrocarbon oils. Overall, the in-situ HDO using CTH and RHDO gain more 

attention of catalysis community considering relatively sound theoretical basis of these technologies. In 

contrast, NTP is quite promising even though the investigation of its application in the biomass 

upgrading field is still in the bud. However, it has the potential to upgrade bio-oil in a non-catalytic 

process. Finding an economic way for the recycling of zero-valent metal is the main challenging for the 

hop of HHDO to real-world application. It is worth to emphasizing that the most challenging route, 

WHDO, would pose tremendous impact on bio-refinery industry if it is successfully proved. The SSH 

strategy can avoid the addition of H-donor and it is quite promising due to the high deoxygenation 

efficiency. Overall, the future of bio-compounds upgrading will be linked to these novel approaches 

where inexpensive, highly effective catalysts and a green solvent are used opening new opportunities 

in the field of low-carbon technologies. However, the application of these novel technologies in raw 

biomass feedstocks still need further exploration. 
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