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A B S T R A C T   

Human activities such as burning fossil fuels for energy production have contributed to the rising global at-
mospheric CO2 concentration. The search for alternative renewable and sustainable energy sources to replace 
fossil fuels is crucial to meet the global energy demand. Bio-feedstocks are abundant, carbon-rich, and renewable 
bioresources that can be transformed into value-added chemicals, biofuels, and biomaterials. The conversion of 
solid biomass into liquid fuel and their further hydroprocessing over solid catalysts has gained vast interest in 
industry and academic research in the last few decades. Metal sulfide catalysts, a common type of catalyst being 
used in the hydroprocessing of fossil feedstocks, have gained great interest due to their low cost, industrial 
relevance, and easy implementation into the current refining infrastructures. In this review, we aim to provide a 
comprehensive overview that covers the hydrotreating of various bio-feedstocks like fatty acids, phenolic 
compounds, pyrolysis oil, and lignin feed using sulfided catalysts. The main objectives are to highlight the re-
action mechanism/networks, types of sulfided catalysts, catalyst deactivation, and reaction kinetics involved in 
the hydrotreating of various viable renewable feedstocks to biofuels. The computational approaches to under-
stand the application of metal sulfides in deoxygenation are also presented. The challenges and needs for future 
research related to the valorization of different bio-feedstocks into liquid fuels, employing sulfided catalysts, are 
also discussed in the current work.   

1. Introduction 

The global climate is facing two main challenges: first, the increased 
energy demand due to the growing world population, and second, 
growing anthropogenic CO2 emissions due to the use of non-renewable 
fossil fuels in major economic sectors. Ambitious targets like limiting the 
rise of global temperature to stay below 2 ◦C in the Paris Agreement and 
achieving net-zero CO2 emissions by 2050 in the European Green Deal 
will drive the current energy transition towards a low or neutral 
renewable carbon energy system. In line with this, the United Nations 
(UN) Sustainability Development Goals (SDGs) adopted by all UN 
members also provided a blueprint to tackle detrimental climate change 
and achieve a better sustainable society for all. Thus, the use of 
renewable energy in tackling climate change is inevitable. Renewable 

liquid biofuels fall under this category and provide an immediate solu-
tion for sectors like transportation. 

Biomass feedstock can be divided into three main categories: (1) 
sugar-based feedstocks such as sugar beet, sugar cane, and corn, (2) 
triglyceride feedstocks like animal fats, vegetable oil, and waste cooking 
oil, and (3) lignocellulosic feedstocks like wood and forestry residues, 
bagasse, grass, and leaves. The types of biofuels depend largely on the 
biomass source. Renewable liquid fuels, also known as advanced bio-
fuels, produced from the non-crop and waste-based bio-feedstocks, 
represent an excellent option as an alternative fuel and also serve the 
role of bridging the transition period for existing conventional com-
bustion engine-based fleets. For instance, hydroprocessed esters and 
fatty acids (HEFA) as hydrotreated vegetable oils (HVO), are the only 
drop-in biofuels that are commercially produced in refineries. Several 
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examples of such commercial technologies are NEXBTL™, Ecofining™, 
Vegan™, and Hydroflex which produce these advanced biofuels. Apart 
from these commercially available examples, the next-generation bio-
fuels such as those derived from pyrolysis oil also possess advantages in 
reducing greenhouse gas (GHG) emissions and fossil fuel dependency. 
Pyrolysis oil can be produced using different processes, one of which is 
fast pyrolysis or thermal liquefaction of biomass feedstocks [1,2]. The 
conversion of solid biomass via a thermochemical process like fast py-
rolysis results in bio-oils that can be subsequently upgraded via catalytic 
hydrotreating into biofuels and high-value platform chemicals. Another 
potential advanced feedstock like lignin can also be used to substitute 
fossil-based feeds. Lignin is a biopolymer consisting of phenylpropane 
units (coniferyl, sinapyl, and p-coumaryl alcohol) [3]. It is an important 
renewable carbon source and accounts for 20–30% of the major mass of 
lignocellulosic biomass. Due to the large utilization of cellulosic and 
hemicellulosic materials in the existing biorefineries, the remaining 
lignin fraction is considered a byproduct and is often burnt to produce 
heat and power for the mill. Thus, lignin can serve as a sustainable feed 
for liquid fuel production or value-added fine and platform chemicals. 

However, there are a few common undesired properties of the bio- 
feedstocks such as high oxygen content depending on the biomass 
(Table 1) and acidic nature caused by the presence of carboxylic acids. 
The high oxygen content contributes to detrimental properties of bio- 
oils like high viscosity and low heating value as compared to fossil- 
derived fuels [4]. Owing to the various negative characteristics of the 
bio-oils from these feedstocks, it is difficult to use these bio-liquids 
directly as engine fuel. Therefore, a refining process is required to 
improve the quality of the products so that the produced liquid fuel is 
compatible with the existing fuel grades. This process involves con-
ventional hydrotreating technology such as hydrodesulfurization (HDS), 
hydrodenitrogenation (HDN), hydrodeoxygenation (HDO), and hydro-
demetallization (HDM) processes. These processes serve to remove or 
reduce the sulfurous, nitrogenous compounds, oxygenates, and metals 
from fossil feeds. Catalytic hydrodeoxygenation (HDO) has been 
implemented in the refineries to remove excess oxygen in the form of 
H2O, CO, and CO2 at various temperatures and pressure with hydrogen 
as a co-reactant. Moreover, the reaction is catalyzed by a selective 
hydrotreating catalyst. The key elements in such a process are the choice 
of catalyst material, reaction conditions, type of reactors, and feedstocks 
that are upgraded. Over the past few decades, transition metal sulfi-
des/noble metals and non-sulfided catalysts have been studied exten-
sively for valorizing bio-based feedstocks (Triglycerides/Fatty 
acids/pyrolysis oil/ lignin-derived bio-oil, etc.). In this review, we focus 
on the application of metal sulfides as catalysts for advanced biofuel 
production. 

Krauch and Pier discovered the transition metal sulfides (TMS) at the 
former Badische Anilin und Sodafabrik (BASF) in 1924 [8]. Their early 
findings showed that MoS2 and WS2 were effective hydrogenation cat-
alysts, and this led to the future development of hydrotreating catalysts. 
The traditional industrial metal sulfides are Ni or Co-promoted Mo/W 
disulfides. The Ni or Co promotion in a fully sulfided catalyst gives the 
so-called active Ni/CoMoS phase [9]. It is postulated that the promotion 
weakens the Mo-S bonds via d-electron donation by Ni/Co producing a 
sulfur vacancy or so-called co-ordinately unsaturated sites (CUS), indi-
cated by the green dotted oval in Fig. 1 [4,10]. In terms of 

deoxygenation, the electrophilicity of Mo thus attracts oxygen-bearing 
molecules [10,11]. On the other hand, the presence of H2 generates 
metal hydrides and sulfhydryl groups that play additional roles [12]. In 
other words, the catalytic activity of metal sulfides is thus governed by 
the type and composition of sites available to the substrate molecule 
which can be engineered by parameters such as promoters, support, 
additives, and activating conditions. The morphologies of the evolved 
catalyst also play a dominant role in determining the activity of the 
catalysts [13]. These Ni or Co-promoted MoS2 catalysts are depleted of 
sulfur during oxygen removal from bio-oils and require constant addi-
tion of sulfur sources like DMDS or H2S to maintain them in their active 
sulfide state [14]. Due to this fact, these sulfided catalyst systems are 
criticized in literature since they nullify the advantage of bio-oils which 
inherently contain no or low sulfur [15]. However, these sulfided cat-
alysts have excellent hydrotreating selectivity and are low cost which 
makes them viable for commercial refinery operations. Metal sulfide 
catalysts will continue to have a significant role in the refining industries 
owing to the versatility of this type of catalytic material and also the 
transition toward cleaner and sustainable fuel production. This can be 
evident from the scientific publications regarding HDO which have 
increased by 10-fold since 2010 because of the escalating need for 
alternative sources of energy and also the increasing application of 
sulfided catalysts in deoxygenation applications (Fig. 2). Existing review 
articles related to the application of sulfided catalysts focused on the 
understanding of the fundamental principles of the materials [16], and 
their applications in electrocatalysis [17,18], photocatalysis [18], and as 
supercapacitors [19]. 

Although there are various reviews in the last decade focused on the 
upgrading of renewable feedstocks in the form of model compounds 
and/or real feedstocks over various types of catalysts (see Table 2); a 
comprehensive review solely dedicated to sulfided catalysts is still 
lacking. Given the significance of hydrotreating catalysts in the 
emerging field of advanced biofuel production, a comprehensive review 
of the use of sulfided catalysts for biomass conversion is needed. In this 
work, we have reviewed the catalytic upgrading of different important 
bio-feedstocks such as triglycerides, monomeric and dimeric phenolic 
compounds that are present in pyrolysis oil, biomass-derived pyrolysis 
oil, woody feedstocks, and waste lignin using metal sulfide catalysts. The 
reaction routes of the biomass-derived feed during the hydrotreatment 
have been emphasized. Furthermore, kinetics studies of upgrading the 
various feedstocks using sulfided catalysts and also the deactivation of 
catalysts are highlighted. Insights of the deoxygenation reaction and 
deactivation mode over metal sulfides from theoretical studies and 
computational approaches are also presented. Finally, the challenges 
and future possible research related to the valorization of different bio- 
feedstocks into liquid fuels employing the sulfided catalysts, and hurdles 
utilizing bio-feeds in the industry are also discussed in the current work. 

2. Hydrodeoxygenation (HDO) of natural triglyceride-based and 
vegetable oil-like feedstocks 

Out of all advanced biofuel technologies like – Hydrotreated Vege-
table Oil (HVO), fast pyrolysis, catalytic pyrolysis, hydro pyrolysis, 
lignin depolymerization, and hydrothermal liquefaction (HTL), it is only 
HVO process that has been commercialized so far. There are already 
several companies like Neste, Preem, Diamond diesel, REG producing 
HVO biofuels at a commercial scale. The only other biofuel process 
which is close to commercialization is fast pyrolysis bio-oil (FPBO), 
where commercial fluid catalytic cracking (FCC) trials of FPBO are un-
derway [45]. 

HEFA/HVO (Hydroprocessed Esters and Fatty Acids) fuels are 
compatible with fossil-based diesel fuels due to their chemical resem-
blance. As a result, existing refinery facilities, and infrastructure can be 
used for production, transportation, and distribution for further use.  
Fig. 3 shows a parametric comparison between ultra-low sulfur diesel 
and HVO/HEFA fuels. Thus, standalone, or blended forms of HVO/HEFA 

Table 1 
Elemental composition in wt% of different bio-feedstocks.   

Triglycerides/fatty acids/waste 
cooking oil [5] 

Phenolics from 
pyrolysis [6] 

Kraft 
lignin [7] 

Carbon  75.6 39.2  62.1 
Oxygen  9.8 52.82  29.5 
Hydrogen  13.3 7.88  5.8 
Sulfur  0.09 0.0081  2.2 
Nitrogen  0.12 < 0.15  0.4  
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fuels contribute toward a significant reduction of GHG and particulate 
matter emissions. As a result, tremendous research focus has been 
devoted to understanding the mechanistic insights in the core upgrading 
process, HDO. Such renewables can be obtained from variable feed-
stocks like animal fat, waste cooking/vegetable oil, and tall oil from 
wood and forest biorefinering. It is expected that refineries will face 
scarcity of these feedstocks in the next few years as the demand for 
sustainable fuels from the heavy transport and aviation sectors accel-
erates. Thus, more research and technology developments are needed in 
pretreatment methods for low-value, ubiquitous, and high- 
contamination feedstocks such that they can be hydroprocessed in the 
refinery. 

However, the turnover time of a hydrotreater is much shorter when 
renewable oils like used cooking oil, waste animal fat, tall oil, etc. are 
processed compared to a hydrotreater processing fossil feeds like vac-
uum gas oil (VGO), etc. There are three main reasons for the shorter 
lifetime of catalysts in hydrotreater processing HVO feedstocks. Firstly, 
since the oxygen content of renewable oils is higher than sulfur in VGO, 
larger quantities of hydrogen are required to remove oxygen as H2O. The 
second reason is that hydrodeoxygenation reactions are more 
exothermic compared to hydrodesulfurization reactions as can be 
observed from the differences in the enthalpy of formation of H2O(g) 
and H2S(g) respectively (− 242 kJ/mol vs − 21 kJ/mol) [47]. Last but 
one of the most important reason which has not received enough 
attention in research studies is the contaminants present in renewable 
feeds like iron, phosphorus, alkali metals, etc. [48–50]. So these three 
factors – depletion of hydrogen, high temperature, and contamination, 
combined result in accelerated catalyst deactivation and pressure 
build-up [51]. In this section, we will focus on the studies that have used 
sulfided catalysts since they are the most industrially relevant catalysts. 
The literature studies can be categorized in two segments based on the 
feedstocks studied – Model compounds which include - Fatty acids 
(FAs), Fatty acids alkyl esters (FAAEs), Triglycerides (TGs), and com-
mercial feedstocks like UCO (used cooking oils), tall oil, etc. It should be 

noted that the HDO reaction mechanism for fatty acids, fatty acid alkyl 
esters, triglycerides is quite similar. Renewable oils like UCO, tall oil, 
etc. primarily contain free fatty acids and triglycerides so their reaction 
chemistry is similar as well. Typically, fatty acid alkyl esters and tri-
glycerides undergo hydrolysis to produce fatty acids as the common 
intermediate in the overall reaction scheme. Deoxygenation of fatty 
acids over sulfided catalysts occurs in the following three ways [48,52]:  

a) A so-called direct-HDO in which oxygen is removed as a water (H2O) 
molecule  

b) Decarbonylation (DCO) in which oxygen is removed as carbon 
monoxide (CO) 

c) Decarboxylation (DCO2) in which oxygen is removed as carbon di-
oxide (CO2) 

In the direct-HDO route, there is no loss of carbon as oxygen is 
removed in the form of a H2O molecule while in the two latter routes, 
oxygen is removed in the form of CO or CO2 such that the hydrocarbon 
product is formed with one less carbon. 

The term decarbonation (DCOx) will be used to refer to decarbon-
ylation and decarboxylation together, otherwise, they will be separately 
specified in the following sections of this review. The hydro-
deoxygenation or “HDO” is a broader term to define the removal of 
oxygen irrespective of the three routes. However, “direct-HDO” is 
referred to when deoxygenation occurs while producing water as the 
side product [48,52]. 

2.1. HDO of fatty acids 

The catalytic cycle for hydrodeoxygenation of fatty acid molecules 
(here stearic acid) over sulfided molybdenum catalysts is presented in  
Fig. 4 [53]. The following steps of this catalytic cycle, initiated with the 
creation of a sulfur vacancy have been also reported for phenol-like 
molecules, so this is also relevant for later sections discussing the 

Fig. 1. Sulfur vacancy, metal hydrides, and sulfhydryl group.  

Fig. 2. The publications related to a) hydrodeoxygenation (HDO) and b) the use of sulfided catalysts for hydrodesulfurization (HDS) and HDO in the past decades. 
Data 
Source: Web of Science (19 December 2022). 
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Table 2 
Reviews from the past decade (2012–2021) on different catalyst types used for hydrotreatment of bioresources.  

Year Catalyst types Objective and scope of the review Ref 

2012 -Microporous and mesoporous zeolites 
-Metal oxide catalysts 
-Precious metal-based catalysts 

-To discuss the catalytic deoxygenation of woody biomass, herbaceous biomass, algae, 
and triglycerides 
Scope: catalytic properties, reactor configurations, and process optimization 

[20]  

-Transition metal sulfides 
-Noble metals 
-Transition metal phosphides 
-Transition metal nitrides and carbides 
-Non-precious metal catalysts 

-To review the hydrodeoxygenation (HDO) of pyrolysis bio-oil model compounds 
Scope: reaction mechanism and catalyst deactivation 

[21] 

2013 -Zeolite HZSM-5 -To summarize the catalytic pyrolysis and cracking of woody biomass 
Scope: Upgrading methods and reaction mechanisms 

[22]  

-Transition metal sulfides 
-Noble metals 
-Metal carbide, nitrides, and phosphide catalysts 
-Bifunctional catalysts 

-To discuss the hydrodeoxygenation (HDO) of biomass pyrolysis focusing on the 
chemistry of model compounds over different catalysts related to the reaction pathways 
Scope: ex-situ catalytic pyrolysis conditions, catalyst supports, and stability 

[23] 

2014 -Metal carbide, nitride, and phosphide catalysts 
-Mesoporous-based and noble metals catalysts 

-To discuss the preparation of metal carbides, nitrides, and phosphides and their general 
properties 
-To review the application of metal carbides, nitrides, and phosphides in HDO reactions 
-To present the potential of mesoporous and noble metal catalysts as hydrotreating 
catalysts 
Scope: hydrotreating technology, conventional catalysts, biomass utilization 

[24] 

2015 -Microporous zeolite catalysts 
-Mesoporous catalysts 
-Metal-based catalyst 

-To summarize the cracking and deoxygenation of pyrolysis vapors producing fuel-like 
components and chemicals 
Scope: vapor phase upgrading and catalyst deactivation 

[25]  

-Fluid catalytic cracking (FCC) catalysts 
-Hydrocracking catalysts 
-Hydrotreating catalysts 

-To summarize and review solid catalysts used in refineries 
-To discuss the catalysts used for bio-oil upgrading through FCC and hydrotreating 
Scope: refining catalysts and biomass conversion to liquid fuels and chemicals 

[26] 

2016 -Fe-based catalysts -To summarize the use of iron-based catalysts for biomass HDO and to discuss ways to 
improve the activity and stability of the catalysts 
Scope: in-situ and ex-situ catalytic fast pyrolysis 

[27]  

-Zeolites 
-Oxides catalysts 
-Sulfided catalysts 
-Noble metals catalysts 
-Transition metals catalysts 

-To address the application of heterogeneous catalysts in bio-oil upgrading 
Scope: catalytic cracking, HDO, catalyst deactivation, and regeneration 

[28]  

-Metal supported and bimetallic catalysts 
-Transition-metal oxides, sulfides, carbides, nitrides, and phosphides 

-To summarize HDO of pyrolysis oil and model compounds 
Scope: deoxygenation, catalyst structure-performance relations, bifunctional effects 

[29]  

-Nickel based catalysts (non-sulfide) -To critically review the support effect, nickel loading, promoter effects of Ni-based 
catalysts 
-To study selective deoxygenation pathways of triglycerides-based feedstocks 
-To review catalyst preparation methods and comparison with other catalysts 
-To review the development of nickel phosphide, NiMo, NiW non-sulfide catalysts and 
also catalyst stability 
Scope: triglyceride-based materials upgrading via transesterification, hydrotreatment, 
and selective deoxygenation 

[30]  

-Noble metal catalysts 
-Transition metal catalysts 
-Zeolites 

-To compare the methods for biomass pyrolysis upgrading such as fast pyrolysis, bio- 
oils, and vapor phase deoxygenation 
Scope: biomass pyrolysis, reaction conditions 

[31] 

2017 -Molecular sieves supported noble metal and/or transition metal 
catalysts 

-To summarize the lignin-derived phenolic compound’s HDO activities and reaction 
pathways using noble metal and transition metal catalysts that are supported on 
microporous molecular sieves, mesoporous molecular sieves, and porous molecular 
sieves 
Scope: molecular sieve-supported catalysts 

[32]  

-Metal/zeolite bifunctional catalysts -To summarize the hydroprocessing of bio-oil to transportation fuels (gasoline, diesel, 
and jet fuel) 
Scope: deoxygenation, catalytic properties, model, and real bio-oil upgrading 

[33]  

-Solid acid and base catalysts -To review the esterification of bio-oils and reaction pathways for individual model 
compounds such as carboxylic acids, aldehydes, furans, sugars, phenolics, terpenoids, 
N-containing organics, and metal species 
Scope: acid-catalyzed esterification, acid treatment of bio-oils 

[34]  

-Noble metal catalysts -To provide a comprehensive review of the use of noble metal catalysts in the 
hydroprocessing of fossil and bio-feedstocks 
Scope: catalyst deactivation, regeneration, and use of spent catalysts, environmental 
and safety issues 

[35]  

-Metal-supported catalysts (alkali metals, alkaline earth metals, and post- 
transition metals) 

-To present the use of solid metal catalysts for bio-oil model compound deoxygenation 
Scope: catalyst properties, proper reaction conditions, deactivation and regeneration of 
catalysts 

[36] 

2018 -Zeolites -To discuss the bio-oil production routes via the use of zeolites 
-To study the effect of zeolite properties, biomass particle size, and catalyst loading 
Scope: catalytic fast pyrolysis, lumped kinetic models, technical difficulties; and 
challenges 

[37] 

2019 -Noble and non-noble metals catalysts -To discuss the HDO of bio-oil to biodiesel over noble metal (Rh, Pt, Pd, and Ru) and 
non-noble metal (Co, Fe, and Ni) catalysts 
Scope: catalytic properties, catalyst supports and promoters, HDO mechanism, future 
development 

[38] 

(continued on next page) 
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phenolic models. Sulfur linked to Mo reacts with hydrogen to produce 
H2S and a “sulfur vacancy” is created on the MoS2 structure. It is 
postulated that there is always a dynamic equilibrium of such sulfur 
vacancies depending on H2/H2S partial pressure. Then a heterolytic 
dissociation of the hydrogen molecule occurs such that one hydrogen 
atom binds to sulfur to form a sulfhydryl (-SH) group while the other 
hydrogen atom forms a metal hydride bond with molybdenum. The 
carbonyl moiety of the fatty acid molecule binds at the sulfur vacancy. 
Then a proton from the acidic SH group attacks the hydroxy group of the 
stearic acid as an example. A water molecule is removed, and the charge 
is transferred to the neighboring carbon. This cation species extracts a 
hydride from the next Mo atom. In the final step of this catalytic cycle, a 
hydrogen molecule reacts to yield metal hydride (Mo-H) and sulfhydryl 
(-SH) species and results in the conversion of stearic acid to octadecanal. 
The patent literature has reported the use of Ni or Co-promoted mo-
lybdenum sulfided catalysts for the deoxygenation of fatty acid-based 
feedstocks for more than three decades now [54]. 

Several studies have been explored for HDO of fatty acid to green 
diesel employing supported and unsupported sulfided catalysts. The 
sulfidation temperature influences the formation of different Mo species 
(Mo4+, Mo5+, Mo6+) catalyzing deoxygenation of palmitic acid to 
straight-chain hydrocarbons to varying degrees over NiMo/Al2O3-TiO2 
catalyst [55]. The role of unsupported MoS2 and Ni-promoted MoS2 has 
been studied using hexadecenoic acid by Wagenhofer et al. [56]. It is 
concluded that fatty acid deoxygenation over MoS2 is primarily followed 
via C-O hydrogenolysis to an aldehyde, hydrogenation to a primary 
alcohol, dehydration, and hydrogenation to corresponding alkanes (Cn 
pathway). On the other hand, deoxygenation over unsupported Ni 
promoted MoS2 mainly proceeds through a ketene intermediate, and 

decarbonylation via the scission of its C-C bond to yield saturated hy-
drocarbons (Cn-1 pathway) via alkene intermediates. However, 
keto-enol tautomerism of intermediate aldehyde has also been demon-
strated for the HDO of fatty acid over supported sulfided NiMo/Al2O3 
catalysts [52,57]. Ni or Co promotion to base MoS2 typically promotes 
the decarbonation pathway [53]. Surfactant-modified and magnetically 
reusable unpromoted and Ni(Co) promoted MoS2 over greigite (G) have 
been evaluated for stearic acid HDO and the deoxygenation activity was 
ranked in the order of NiMo/G > CoMo/G > Mo/G [58]. Interestingly, 
an inhibiting effect of fatty acid which preferentially occupies the active 
site and hinders access for the intermediate aldehydes/alcohols has also 
been explained via experimental and DFT studies [10,59]. Hydrogen 
donor solvents and acidity imparted by BEA zeolite were found to 
enhance the conversion/deoxygenation of stearic acid at low pressure 
(0.8 MPa H2 and 350 ◦C) and give a high yield of alkanes (C17 being the 
major one) for NiMo supported over mixed oxide (γ-Al2O3-BEA-zeolite) 
[60]. 

2.2. HDO of fatty acid alkyl esters 

Alkyl esters like – fatty acid methyl esters (FAMEs) and fatty acid 
ethyl esters (FAEEs) have different decomposition pathways. As shown 
in Fig. 5, β-elimination occurs only in FAEEs (or esters with alkyl groups 
>C1) to produce free fatty acids [61]. The FAEEs are expected to have a 
similar reaction mechanism like TGs via β-elimination. This reaction is 
not possible for FAME molecules due to the absence of the β hydrogen. 

Another route through which such alkyl esters can produce fatty 
acids is hydrolysis. There is not a significant difference in the reaction 
mechanism for the hydrolysis of methyl and ethyl esters with a similar 

Table 2 (continued ) 

Year Catalyst types Objective and scope of the review Ref 

2020 -Noble and non-noble metals supported catalysts -To review and provide the selectivity and major products for the noble (Pt, Pd, and Ru) 
and non-noble metals (Ni, Co, Mo, and other metal-based) supported catalysts applied in 
HDO of pyrolysis oil 
-Scope: hydroprocessing, model pyrolysis compounds, reaction pathways 

[39]  

-ZSM-5 catalyst -To review the shape selectivity of ZSM-5 in improving quality of fast pyrolysis bio-oil 
-Scope: ZSM-5 physical and chemical properties, catalyst modification, influence factors 

[40]  

-Metal-modified HZSM-5 catalyst -To review the upgrading of pyrolysis vapors to BTX (benzene, toluene, and xylene) over 
metal-modified HZSM-5 
-Scope: influence of metals, reaction parameters 

[41]  

-Sulfides, base metals (oxides), noble-metal-based catalysts, and 
carbides/nitrides/phosphides 

-To summarize the HDO of phenolics focusing on reaction mechanism 
Scope: catalyst properties, design of effective HDO catalysts 

[42] 

2021 -Sulfides, oxides, noble metals, phosphides, and other catalysts (carbides 
and nitrides) 

-To outline the influence of reaction parameters on the HDO process, and discuss the 
HDO reaction mechanism and catalyst deactivation 
Scope: biomass pyrolysis, hydrothermal liquefaction, hydrotreatment, model 
compounds 

[43]  

-Carbon supported catalysts, transition metal carbide catalysts, solid acid 
catalysts, porous metal oxides, metal-organic framework materials, metal 
sulfides 

-To review progress in the preparation and fabrication of porous nano catalysts for 
catalytic hydrogenolysis of lignin and model compounds 
Scope: support effects, catalyst design, catalyst stability 

[44]  

Fig. 3. Comparison of HVO/HEFA and conventional low-sulfur diesel fuel [46].  
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yield and product distribution [62,63]. Hydrolysis requires the presence 
of moisture (H+/H2O) and the Lewis acid sites (e.g., alumina as support). 
HDO reactions produce water so hydrolysis of alkyl esters is quite 
possible in the catalyst bed. Another possible route can be the direct 
deoxygenation of such alkyl esters. 

Laurent and Delmon tested sulfided CoMo and NiMo catalysts for 
hydrodeoxygenation of model compounds containing ester groups 
(Diethyl sebacate) [64]. During the reaction, a group of products has 
been identified demonstrating that the major pathways for deoxygen-
ation are hydrogenation and decarboxylation. De-esterification to car-
boxylic acid occurs to a limited degree. The activation energy for the 

hydrogenation reaction was found lower for NiMo than CoMo catalysts 
while no appreciable differences in the decarboxylation activation en-
ergy were discerned although a higher decarboxylation degree was 
observed for NiMo catalysts. 

Krause and coworkers [65,66] explored HDO activities of methyl 
esters (methyl heptanoate and methyl hexanoate) in flow and batch 
reactors over sulfided NiMo/γ-Al2O3 and CoMo/γ-Al2O3. Methyl ester 
conversion was found higher over NiMo/γ-Al2O3 and the formation of 
the corresponding deoxygenated products (n-heptane/heptenes and 
n-hexane/hexenes etc.) required more hydrogen than that with 
CoMo/γ-Al2O3. Analysis of the reaction products revealed that primary 

Fig. 4. Catalytic cycle for the first step of conversion of stearic acid (SA) to octadecanal (C18 =O) in the overall reaction scheme [53]. Brillouet, E. Baltag, S. Brunet, 
and F. Richard, Deoxygenation of decanoic acid and its main intermediates over unpromoted and promoted sulfided catalysts. Adapted from Appl. Catal. B: Environ., 
148–149, (2014) 201–211, Copyright (2014), with permission from Elsevier. 

Fig. 5. β-elimination, γ-H migration, and direct HDO routes for alkyl esters [61]. Copyright (2013) Wiley, used with permission from R. W. Gosselink, S. A. W. 
Hollak, S. W. Chang, J. Haveren, K. P. de Jong, J. H. Bitter, and D. S. van Es, Reaction Pathways for the Deoxygenation of Vegetable Oils and Related Model 
Compounds, ChemSusChem, 2013, 6, 1576–1594, Wiley. 
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alcohols are produced from the methyl ester via hydrogenolysis of the 
C-O, σ-bond of the carboxyl group which upon dehydration yields al-
kenes, and further hydrogenation forms the n-alkanes. A second path 
proposed is the de-esterification to carboxylic acid and methanol which 
takes water from the alcohol dehydration reaction. The carboxylic acid 
can either further be reduced to alcohol under the reaction conditions or 
can be decarboxylated to alkenes. A third path can be direct decarbox-
ylation of esters to one carbon atom with fewer product hexenes/-
pentenes with additional methane/carbon dioxide as shown in Fig. 6. 

Coumans et al. [52,67] investigated HDO of methyl oleate using 
sulfided NiMo over a few supports (γ-Al2O3, activated carbon, SiO2, and 
SiO2-Al2O3) in a fixed bed reactor under trickle flow conditions at 
260 ◦C, 30 or 60 bar and WHSV of 6.5 h− 1. Hydrogenation of the double 
bond in methyl oleate produces predominantly methyl stearate during 
the early stage (~10 min) of the reaction. Besides, oleic acid and stearic 
acid are also observed in the reaction mixture. Initial hydrolysis of 
methyl oleate to oleic acid was found higher over NiMo/Al2O3, and 
NiMo/Al2O3-SiO2 catalysts than others due to the presence of surface 
Al3+ which acts as Lewis sites as mentioned earlier. Blockage of such 
sites by carbonaceous deposits deactivates Al-containing catalysts while 
others show stable deoxygenation activity. High hydrolysis, high sta-
bility (168 h on stream), and selectivity to C18 hydrocarbons over 
NiMo/C were attributed to the activity of evolved metal sulfides and/or 
to surface acidic moieties. 

2.3. Decomposition mechanisms of triglycerides 

Triglycerides have the following three main decomposition path-
ways: Route 1: β-elimination; Route 2: γ-hydrogen migration; and Route 
3: Direct deoxygenation (DO), as shown in Fig. 5. In Route 1, the 
removal of hydrogen at the β position and then hydrogenation occur 
alternatively in a stepwise manner from triglyceride to diglyceride to 
monoglyceride to glycerol, with the potential to release three free fatty 
acid molecules per triglyceride molecule. Also, most of the studies report 
the evolution of fatty acids during the deoxygenation of triglycerides 
[61]. However, the subsequent β-elimination of di-fatty acid ester is not 
possible without hydrogen and active sites. γ-hydrogen migration 
(Route 2) is reported to occur only at a higher temperature of 450 ◦C, so 
it is not likely at the typical HDO reaction conditions. Route 3 of direct 
deoxygenation (DO) occurs only in the presence of a highly active NiMo 
catalyst [61]. So it could be concluded that the triglycerides-based 
renewable feeds can yield fatty acids only through Route 1. Indeed, 
facile hydrolysis of a triglyceride molecule (triolein, glyceryl tioleate) to 
fatty acid intermediates has been demonstrated over sulfided 
NiMo/Al2O3 through route 1 [52]. 

2.4. HDO of commercial feedstocks (used cooking oil, tall oil, etc) 

As mentioned earlier, oxygen from feedstocks like triglycerides, and 
fatty acids/alcohols are eliminated via water and carbon oxides as 
deoxygenation proceeds and yields hydrocarbons as mainly n-alkanes in 
the diesel range with high cetane values. Table 3 presents the state-of- 
the-art of sulfided catalysts for HDO of triglyceride-based feedstocks 

like waste vegetable/cooking oil and tall oil that have been studied 
exclusively via the catalytic HDO process. Kubička and co-workers 
investigated the deoxygenation of rapeseed oil over sulfided Ni, Mo, 
and NiMo over Al2O3 in a fixed bed flow reactor [68–71]. Bimetallic 
NiMo yields a higher amount of hydrocarbon than the monometallic 
catalysts for a given conversion. Ni and Mo-containing catalysts promote 
decarboxylation and direct-HDO respectively. Fatty acids are the only 
intermediates over Ni/Al2O3, thus no fatty esters form, while over Mo 
and NiMo containing catalysts fatty alcohol and fatty ester formation 
proceeds due to the rapid disappearance of fatty acids. Esterification of 
fatty alcohols and fatty acids was observed higher over Mo/Al2O3 [70]. 
The authors also detected that the hydrocarbon phase obtained (over 
310 ◦C) was mostly composed of n-alkanes, n-C18, n-C17, and i-alkanes of 
varying amounts (based on the reaction conditions and catalyst). Such 
an organic liquid product is compatible with mineral diesel, thus 
meeting or exceeding the required quality. However, it suffered from 
poor low-temperature properties necessitating further processing. 
Furthermore, NiMo sulfides over SiO2, TiO2, and Al2O3 have been 
evaluated to elucidate the interaction of the active phase and support 
[71]. It was found that NiMoS over SiO2 enhances hydrogenolysis of 
triglycerides to fatty acids at low deoxygenation degree while over TiO2 
fatty ester formation increases. As the deoxygenation progresses n-C17 
yield increases over NiMo/SiO2 demonstrating its preference for the 
decarbonation route, while the other two showed HDO preferences. 
Observed reactivity was thus ascribed to the differences in the support 
properties despite the active phase dispersion variation in the order of 
SiO2 > Al2O3 > TiO2. 

M. Toba et al. [72] studied different grades of waste oils which can be 
converted to paraffinic hydrocarbons over NiMo/γ-Al2O3, CoMo/-
γ-Al2O3, and NiW/γ-Al2O3. Modification of the alumina support by B2O3 
promoted the formation of i-paraffins over the bimetallic catalysts. 
NiMo/B2O3–Al2O3 and NiW/Al2O3 showed high HDO and hydrogena-
tion activity for a longer period (~80 h) while hydrogenation activity of 
CoMo/B2O3–Al2O3 decreases (approximately after 10 h on stream) 
resulting in high olefin formation. Compared to Mo-based catalysts, 
tungsten-based catalysts accelerated deoxygenation by decarbox-
ylation/decarbonylation. H. Wang et al. [73] also investigated HDO of 
waste cooking oil over supported CoMoS, elucidating the deoxygenation 
activity, deactivation, and regeneration of the catalyst. Crude tall oil, 
distilled tall oil, and tall oil fatty acid (TOFA) were hydrotreated 
employing a commercial NiMo/γ-Al2O3 in a trickle-bed reactor at 5 MPa 
and 300–450 ◦C. Hydrocarbon fractions with 45 wt% paraffins were 
obtained at the most favorable tested conditions for crude tall oil. TOFA 
hydrotreating yielded more than 80% n-alkanes where the decarboxyl-
ation route was dominant over the direct-HDO route at high tempera-
tures greater than 400 ◦C [74,75]. Soybean oil has been studied using 
sulfided NiMo/γ-Al2O3, and CoMo/γ-Al2O3 [76]. HDO yielded higher 
amounts of straight-chain alkanes (66%) over the NiMo catalyst than the 
CoMo (43%) catalyst due to isomerization and cracking enhancement in 
the latter. NiMoS over Mn-modified Al2O3 was reported to enhance 
triglyceride conversion and subsequent deoxygenation during the HDO 
of waste soybean oil [77]. Refined cottonseed oil has been hydrotreated 
with desulphurized petroleum diesel under refinery conditions and it 

Fig. 6. HDO reaction pathways for aliphatic methyl esters [65]. Reprinted from Catal. Today, 100 (2005) 331–335, O. I. Şenol, T. R. Viljava, and A. O. I. Krause, 
Hydrodeoxygenation of methyl esters on sulphided NiMo/γ-Al2O3 and CoMo/γ-Al2O3 catalysts, Copyright (2005), with permission from Elsevier. 
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was found that such treatment increases the cetane number of the final 
product [78]. Kubička et al. also investigated CoMo sulfides over mes-
oporous MCM-41 for hydrotreatment of refined rapeseed oil and the 
observed deoxygenation activity is lower than that for CoMo/Al2O3 
[79]. Al incorporated MCM-41 showed better deoxygenation activity 
towards hydrocarbon formation. Withdrawal of Al from the MCM-41 
framework favored the formation of fatty esters instead of fatty acids 
with MCM-41. Jatropha oil has been hydrotreated using sulfided NiMo 
over acidic SAPO-11 and Al2O3 support. It was claimed that the higher 
amount of total and strong acidic sites in SAPO-11 affects the formation 
of different active phases of NiMo and in combination they promote 
decarbonation, hydrocracking and isomerization reactions [80]. Lower 
acid sites with alumina supported sulfided NiMo on the other hand 
shows high selectivity to diesel range (C15–18) hydrocarbon fractions. 

3. HDO of pyrolysis/lignin-derived bio-oil feedstocks 

3.1. HDO of phenols/alkylphenols 

Depolymerization and deconstruction of the complex structure of 
biomass can be performed via various processes for example enzymat-
ically [81], thermally using fast pyrolysis [82], and catalytically. In all 
these processes, the operating conditions largely affect the composition 
and yield of final products. For example, hydrothermal liquefaction 
(HTL), is a technology where bio-oils are produced using water as a 
medium under supercritical or subcritical conditions [43]. Depolymer-
ization and liquefaction of biomass can also be performed under 
oxidative or reductive conditions producing renewable-based oils [83]. 
For instance, the oxidative depolymerization reaction has the benefit to 
produce a pool of high-value and functionalized green chemicals. On the 
other hand, the reductive depolymerization gives a considerable yield of 
deoxygenated monomers, such as BTX (benzene, toluene, xylenes) 
products which are of interest as platform fuel precursors. The heter-
ogenous structure of the biomass components like lignin impacts the 

selectivity for linkage cleavage and consequently on the selectivity for 
oligomeric, dimers, and monomeric products. One of the similarities of 
these processes is that the depolymerized lignin fragments contain 
different functional groups like methoxy (CH3O-), hydroxyl (-OH), 
benzyl alcohol (C7H8O-), ketone (R-CO-R), and aldehyde (-CHO) groups 
which contribute to the high oxygen content of the bio-oils. Similar 
functionalities and product spectrum can be seen in bio-oils derived 
from the pyrolysis of biomass. The oxygen content in bio-oil contributes 
to negative properties like poor heating value, high viscosity, corro-
siveness, thermal and chemical instability [84]. Due to such detrimental 
characteristics, an upgrading process like hydrotreatment which in-
cludes hydrodeoxygenation, hydrocracking, hydro-decarbonylation and 
decarboxylation, and hydrogenation is required before application as a 
biofuel. In a lab-scale experiment, the reaction atmosphere for hydro-
treatment involves a temperature range of 300–450 ◦C and a hydrogen 
pressure of 50–200 bar mimicking the operating conditions of a refinery 
hydrotreating process. The hydrotreatment of the lignin feedstocks aims 
to first cleave the recalcitrant linkages such as the carbon-carbon (C-C) 
and ether (C-O-C) bonds present in the lignin chemical structure. Then 
the produced alkylphenols are further reacted to form deoxygenated 
aromatics and cycloalkanes. This section will present an overview of the 
use of sulfided catalysts in supported and unsupported form for the 
hydrotreatment of bio-oil model monomer compounds such as guaiacol, 
phenol, anisole, and cresol. More attention will be dedicated to the 
discussion on the reaction schemes of the hydrodeoxygenation of the 
oxygenates that are present in the bio-oils over sulfided catalysts. The 
catalytic mechanism such as the active sites of sulfided catalysts and 
reaction network when using different bio-oil model compounds will 
also be discussed. 

Table 4 presents the state-of-the-art of metal sulfide catalysts for 
hydrotreating phenolic monomers. Various catalytic systems employing 
mixed oxide supported and sulfided catalysts have been reported for the 
HDO of phenolics. Garcia-Mendoza et al. have studied the activities of 
NiWS supported on TiO2, ZrO2, and the mixed oxide TiO2-ZrO2 for the 

Table 3 
State-of-the-art of sulfided catalysts for HDO of triglycerides-based feedstocks.  

Sulfided catalyst Feedstock Solvent Conversion (%) Reaction conditions Primary HDO product Ref 

Sulfided Ni, Mo and NiMo 
catalysts 

Rapeseed oil - 100% at 280 ◦C 
in 1 h 

Fixed-bed reactor at 260–360 ◦C, 
3.5–15 MPa, and 0.25–4 h 

C17, C18 n-alkanes and i- 
alkanes 

[68] 

Commercial NiMo/ 
alumina 

isooctane See ref [69] Flow reactor, 260–340 ◦C, 7 MPa, 
70–90 h 

C15-C18 alkanes and i- 
alkanes 

[69] 

Commercial NiMo/ 
γ-Al2O3 

- > 99 Flow reactor, 310 ◦C and 360 ◦C, 7 
and 15 MPa 

Organic liquid product 
~83% (mainly 
hydrocarbon) 

[70] 

Sulfided NiMo over SiO2, 
Al2O3 and TiO2 

- See ref [71] Fixed-bed reactor, 260–300 ◦C, 
WHSV: 2–8 h− 1 

n-C17 over NiMo/SiO2 and 
n-C18 over NiMo/TiO2 and 
Al2O3 

[71] 

NiMo, CoMo, NiW 
supported over Al2O3 

and B2O3–Al2O3 

Waste cooking oil and trap 
greases 

- 55–99.9 Batch reactor: 7 MPa, 250–350 ◦C, 
3 h 
Flow reactor: 5 MPa, 350 ◦C WHSV: 
2.8 h− 1 and hydrogen-to-feed 
ratio:666 Nm3/m3 

n-Paraffin (C17, C18), 
i-paraffin 

[72] 

Supported CoMoS Waste cooking oil Dodecane - Fixed bed microreactor, 275 ◦C, 
7.58 MPa, 220 h, LHSV: 3 h− 1 

n-alkanes (C15-C18) and 
alkenes 

[73] 

Commercial NiMo/ 
γ-Al2O3 

Crude Tall oil (CTO), 
Distilled tall oil. Tall oil 
fatty acid (TOFA) 

- - Trickle-bed reactor, WHSV:1–3 h− 1 

5 MPa, 300–450 ◦C 
45 wt% paraffin’s (CTO), 
80% of n-alkanes (TOFA) 

[74, 
75] 

Sulfided NiMo/γ-Al2O3 

CoMo/ γ-Al2O3 

Soybean Oil - 92.9% (NiMo), 
78.9% (CoMo) 

Batch reactor, 400 ◦C, 9.2 MPa, 2 h n-alkane: 43 wt% (CoMo), 
66 wt% (NiMo) 

[76] 

NiMo/Mn-Al2O3 Waste soybean oil Heptane Varying amount Fixed bed continuous flow micro- 
reactor. 380–410 ◦C, 40 bar H2 

n-C15-C18 (dominant 
fraction of C17) 

[77] 

Commercial CoMo/Al2O3 Refined cottonseed oil 
(10 wt%) 

Desulphurized 
diesel 

~97 Trickle-bed reactor, 305–345 ◦C, 
30 bar, WHSV of 5–25 h− 1, 43 days 
(10–12 per day) 

Mixed diesel high cetane 
value 

[78] 

CoMo sulfides over MCM- 
41 

Refined rapeseed oil - ~100 Fixed bed reactor, 300–320 ◦C, 
2–11 MPa, space velocities 1–4 h− 1 

n-C17 and n-C18 [79] 

NiMo/SAPO-11 and 
NiMo/Al2O3 

Jatropha oil Cyclohexane ~100 Fixed bed reactor, 380 ◦C, 3 MPa, 
4 h, H2 flow 

High C17/C18 and 
isomerized paraffin over 
NiMo/SAPO-11 

[80]  
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HDO of Guaiacol at 320 ◦C [85]. Their results show that the NiWS 
supported catalysts system shows remarkable influence in shifting the 
distribution of the product towards deoxygenated products with NiWS 
supported on TiO2 showing an 80% HDO product selectivity at full 
guaiacol conversion [85]. The authors also speculated that the syner-
gistic effect of NiWS and TiO2, and also the NiWS phase were responsible 
for the high catalytic and deoxygenation ability [85]. In a similar 
catalyst system, Hong et al. have shown that a 2 wt% Ni loading and 
12 wt% W loading on such mixed oxide sulfided catalysts can give full 
guaiacol conversion and a 16% cyclohexane yield under different re-
action conditions [86]. The study also mentions that nickel (Ni) per-
forms better than cobalt (Co) as a promoter in catalyzing the HDO of 
guaiacol [86]. Another study using CoMoS supported on the mixed oxide 
Al2O3-TiO2 for the HDO of phenol has also shown that the mixed oxide 
improved the HDO activity with a better metal-support interaction than 
the conventional CoMoS supported on Al2O3 [87]. The use of activated 
carbon as catalyst support has also been reported in the literature 
[88–90]. Mukundan et al. have prepared an amorphous highly dispersed 
and disordered nanosized MoS2 single-layer on activated carbon by a 
microemulsion technique for guaiacol HDO and found that the 
single-layer MoS2/C promotes deoxygenation and hydrogenation better 
than a multi-layered MoS2/C in the production of phenol [90]. The 
conclusion was made based on the ratio of phenol/catechol produced 
using single or multi-layered MoS2/C, where the single-layered catalyst 
gave a higher ratio. This result inferred the importance of the 
morphology of the MoS2 catalyst in affecting product selectivity. 
Moreover, Mukundan et al. proposed a reaction pathway for HDO of 
guaiacol based on the detected compounds over the course of 5 h as 
shown in Fig. 7 [90]. 

Templis et al. studied hydrotreatment of phenol over a NiMo/γ-Al2O3 
catalyst in reduced and sulfided form [91]. Results demonstrated that 
the reaction routes for phenol hydrodeoxygenation occurred via two 
main parallel routes, the first one is direct deoxygenation (DDO) of 
phenol, and the second is the hydrogenation of the phenol ring forming 
cyclohexanol and followed by the hydrogenolysis removing the hy-
droxyl group producing cyclohexene and cyclohexane. The main dif-
ference between both catalysts was that the sulfided catalyst had a high 
cyclohexane selectivity of more than 90% while the reduced catalyst had 
higher activity for phenol conversion. Their results indicated that the 
sulfided catalyst favored the DDO route while giving high cyclohexane 
selectivity. Fig. 8a) shows the general reaction network for the HDO of 
phenol using a sulfided NiMo catalyst [91]. Adilina et al. also studied the 
classical NiMo catalysts supported on pillared clays (PILC) in reduced 
(NiMoPR) and sulfided (NiMoPS) forms for the HDO of guaiacol [104]. 
They have used techniques like quasielastic neutron scattering (QENS) 
and inelastic neutron scattering (INS) measurements to understand the 
interaction between guaiacol and the reduced and sulfided NiMo cata-
lysts with the clay support [104]. Their results revealed that guaiacol 
adsorbed on these types of catalysts via two interaction modes, as 
illustrated in Fig. 8b): the first interaction is guaiacol adsorbed with the 
Ni-Mo-S site via an H-bonding interaction for sulfided catalysts and the 
second interaction is chemisorption of guaiacol on both the Ni-Mo site 
and also the clay support via phenate formation as can be observed in 
the reduced catalysts [104]. Their results with the sulfided catalysts also 
showed high activity and selectivity for guaiacol HDO. 

The promoters play a role in conventional hydroprocessing catalysts. 
Badawi et al. have demonstrated that cobalt promotes both DDO (Direct 
cleavage of the hydroxyl group) and HYD pathways (Hydrogenation of 
the aromatic ring and followed by the cleavage of the hydroxyl group) in 
the HDO of phenol to different extents [92]. They have performed DFT 
calculations and have shown that both DDO and HYD pathways occur on 
sulfur vacancy sites (CUS) [92]. Romero et al. have also reported the 
same findings [95]. Using 2-ethylphenol as a model compound [95], 
they have found that both Ni and Co improve the deoxygenation rate, 
while Ni only facilitates the HYD pathway. The reaction mechanism for 
DDO and HYD is illustrated in Fig. 9, respectively [95]. The main 

difference between these two pathways is that HYD originated from flat 
adsorption by the aromatic ring while the DDO pathway adsorption 
occurred through the oxygen atom. 

In addition to Ni and Co, a study conducted by Yang et al. has 
demonstrated that phosphorus (P) was able to promote the phenol HDO 
activity over a CoMoS-supported MgO catalyst, and they proved that 
DDO is the major pathway in phenol deoxygenation [96]. A 
non-conventional hydrotreating catalyst like supported ReS2 has been 
reported in several studies [100,99,101,103,102]. For instance, ReS2 
supported on SiO2 or γ-Al2O3 supports was applied in the processing of 
dimethyl dibenzothiophene and guaiacol [102]. Both Re-based catalysts 
showed high HDS and HDO activities; ReS2 supported on SiO2 showed 
high HDO rates giving 40% HDO products [102]. In addition to inex-
pensive transition metals used as promoters, research has examined the 
use of rare earth and noble metals as promoters for metal sulfide cata-
lysts in phenolics HDO [98,99]. For instance, Ir and Pt have been 
incorporated into RuS2/SBA-15 and used in the HDO of phenol [98]. The 
results have demonstrated a higher conversion rate of phenol (37–41%) 
and better cyclohexane selectivity (62–63%) than with the 
non-promoted RuS2/SBA-15 [98]. It is important to note that the use of 
noble metals involves high costs for catalyst production, which limits 
their industrial application. The sulfur content in some bio-feedstocks, 
such as Kraft lignin, may act as a poison to such noble catalyst sys-
tems, nevertheless, studying such a system facilitates better insight into 
the reaction pathways of the HDO of phenolics. 

Jongerius et al. studied a pool of lignin model compounds using 
CoMoS supported on Al2O3 under the same reaction parameters (300 ◦C, 
50 bar H2, 4 h, and batch system) for comparison [94]. Their main 
findings suggest that the mono-aromatic oxygenates underwent three 
distinct pathways that included HDO, demethylation, and methylation. 
This provided invaluable products like phenol, benzene, cresols, and 
toluene [94]. Less than 5% of hydrogenated products were detected in 
the reaction medium, indicating that hydrogenation is the least 
preferred reaction network for this catalyst system [94]. 

It is commonly found in the considerable number of studies on the 
HDO of phenolic compounds that sulfiding agents, such as dimethyl 
disulfide (DMDS) or carbon disulfide (CS2), were co-fed during an 
experiment to create H2S to maintain the sulfidation degree of the sul-
fided catalyst. Results show that adding a sulfiding agent during the 
HDO process had a negative effect on the HDO activity of phenolics but 
promoted the HDO of aliphatic oxygenates such as vegetable oils and 
animal fats [66]. As a result, one should note that the addition of a 
sulfiding agent also plays a role in affecting the effectiveness of the 
catalyst other than the type of reactant being used. Ferrari et al. have 
studied the effect of H2S partial pressure and sulfidation temperature on 
the conversion and selectivities of phenolics [88]. It was found that the 
increase in H2S partial pressure reduced the formation of deoxygenated 
products from the HDO of guaiacol over CoMoS supported on carbon 
[88]. 

Over recent decades, these traditional TMS catalysts have been 
tested by omitting the use of catalyst support, resulting in unsupported 
TMS. There are several methods to prepare unsupported TMS, that can 
be used in the hydrotreatment processes. One of these is a hydrothermal 
synthesis with synthesis parameters, such as moderate synthesis tem-
perature (150–250 ◦C) and the absence of hydrogen pressure [112,123, 
122,124,105,125]. The synthesis method involved simple operation and 
also controllable catalyst morphology, allowing easy scale-up for in-
dustrial application. Wu et al. prepared a series of hydrophobic unsup-
ported MoS2, NiS2-MoS2, and CoS2-MoS2 using hydrothermal synthesis 
with the aid of silicomolybdic acid for the HDO of 4-ethylphenol [105]. 
The CoS2-MoS2 catalyst achieved a 99.9% 4-ethylphenol conversion 
with a 99.6% ethylbenzene selectivity after 3 h. The catalyst showed 
good recyclability after 3 runs at 225 ◦C [105]. Cao et al. also presented 
results for highly efficient unsupported Co/MoS2-x (x is the molar ratio 
of Co/(Co + Mo)) catalysts with high dispersion, rich in defects, and 
curvy slabs in deoxygenation of p-cresol under mild HDO condition 
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Table 4 
State-of-the-art sulfided catalysts for HDO of phenolic oxygenates.  

Sulfided catalyst Model compound (s) Solvent Conversion 
(%) 

Reaction conditions HDO product selectivity (%) Ref. 

NiWS supported on 
TiO2, ZrO2, and 
TiO2-ZrO2 

Guaiacol Hexadecane 100 Batch, 320 ◦C, 
55 bar H2, and 
1000 rpm 

80% cycloalkanes (NiWS-TiO2) [85] 

CoMoS supported on 
Al2O3-TiO2 

Phenol Dodecane 93 Batch, 300 ◦C, 
54 bar H2, and 
1000 rpm 

Benzene (65%), Cyclohexane (25%) 
and Cyclohexene (3%) 

[87] 

NiWS supported on 
TiO2 

Guaiacol n-decane 100 Batch, 2.5 h, 300 ◦C 
and, 70 bar 

Phenol (37%), Cyclohexane (16%), 
Benzene (1%), Creasol (3%) and 
others (43%) 

[86] 

NiMoS supported on 
γ-Al2O3 

Phenol Dodecane - Continuous, WHSV 
= 29/ 36 h− 1, 200/ 
220/ 250 ◦C and 
30 bar 

Cyclohexene (traces), Cyclohexane 
(93.4%) and benzene (6.5%) for 
200 ◦C and 29 h− 1 

[91] 

CoMoS supported on 
Al2O3 

Phenol/2-ethylphenol Toluene - Continuous, 400 ◦C, 
70 bar 

HDO activity (29.1 mmol.h− 1g− 1) for 
phenol and (22 mmol.h− 1g− 1) for 2- 
ethylphenol 

[92] 

NiMoS/CoMoS 
supported on 
γ-Al2O3 

Guaiacol/Phenol m-xylene /n- 
hexadecane 

30–100 Continuous/batch, 
200–350 ◦C, 
75–80 bar 

Cycloalkanes (55% for NiMo and 45% 
for CoMo) at 300 ◦C 

[93] 

CoMoS supported on 
Al2O3 

Phenol, o-cresol, anisole, 4-methylani-
sole, catechol, guaiacol, 4-methylguaia-
col,1,3-dimethoxybenzene, syringol, and 
vanillin. 

Dodecane 25–90 Batch, 4 h, 300 ◦C 
and, 50 bar 

See ref [94] [94] 

NiMoS supported on 
γ-Al2O3 

Phenol and methyl heptanoate Dodecane 100 Batch, 200/250 ◦C, 
and 75 bar 

Cyclohexane (85%), cyclohexyl 
cyclohexane (14%), and others (1%) 

[63] 

MoS2/NiMoS/CoMoS 
supported on Al2O3 

2-ethylphenol Toluene 22–24 Continuous, 340 ◦C, 
and 70 bar 

Oxygenated compounds (19.1%) and 
deoxygenated compounds (80.9%) 
for NiMoS 

[95] 

CoMoP/MgO Phenol Supercritical 
hexane 

17–90 Batch, 350–450 ◦C, 
1 h and 50 bar 

Benzene (65%) and other (26%) at 
450 ◦C 

[96] 

NiMoS/CoMoS 
supported on 
γ-Al2O3 

Phenol and methyl heptanoate m-xylene 5–28 Batch/continuous, 
250 ◦C, 1 h and 
15 bar 

See ref [66] [66] 

CoMoS supported on 
Al2O3 

Methyl-substituted phenols n-heptane/n- 
decane 

10–50 Continuous, 300 ◦C 
and 28.5 bar 

See ref [97] [97] 

CoMoS on activated 
carbon 

Guaiacol, ethyldecanoate, and 4- 
methylacetophenone 

- 17–19 Continuous, 270 ◦C 
and 75 bar 

See ref [88] [88] 

MoS2 on activated 
carbon 

Guaiacol Decalin 10–30 Batch, 300 ◦C, 
50 bar, and 
1000 rpm 

See ref [89] [89] 

MoS2 on activated 
carbon 

Guaiacol Dodecane 55 Batch, 300 ◦C, 
50 bar, 5 h, and 
1000 rpm 

Phenol (52%), 
Cycloalkanes (12.2%), cyclohexanol 
(5%), anisole (0.3%), benzene 
(0.4%), catechol (1.8%), veratrole 
(0.8%), methanol (0.04%) and gases. 

[90] 

(Ir or Pt) RuS2/SBA-15 Phenol Decalin 37–41 Continuous, WHSV 
= 1.28 h− 1, 310 ◦C, 
30 bar, and TOS 
= 4 h 

For Ir-RuS2/SBA-15, cyclohexane 
(63%), cyclohexene (11%), benzene 
(7%), and cyclohexanol (19%) 

[98] 

ReS2/SiO2 Guaiacol and phenol Hexadecane 
and dodecane 

15–20 Batch, 250 ◦C, 
50 bar, and 4 h 

For guaiacol, phenol (13%), catechol 
(1%), and cyclohexanol (0.5%) 

[99] 

ReS2/SiO2 Guaiacol Dodecane 80 Batch, 300 ◦C, 
50 bar, and 4 h 

For ReS2/SiO2, phenol (60%), 
cyclohexane (20%) and others. 

[100] 

ReS2/activated carbon Guaiacol Dodecane 40–80 Batch, 300 ◦C, 
50 bar, and 4 h 

See ref [101] [101] 

ReS2/SiO2(Al2O3) Guaiacol and 4,6- 
dimethyldibenzothiophene 

Dodecane 80 Batch, 300 ◦C, 
50 bar, and 4 h 

See ref [102] [102] 

Re/ZrO2 and Re/ZrO2- 
sulphated 

Guaiacol Decalin 10–70 Batch, 300 ◦C, 
50 bar, and 4 h 

See ref [103] [103] 

NiMo/pillared clay 
(Sulfided and 
reduced) 

Guaiacol - 1–100 Batch, 250–350 ◦C, 
2.5–20 bar, and 6 h 

For sulfided NiMo/pillared clay, at 
350 ◦C and 20 bar, phenol (77%), o- 
cresol (20%), and p-cresol (3%). 

[104] 

MoS2, NiS2-MoS2, and 
CoS2-MoS2

a 
4-ethylphenol and 4-propylguaiacol Dodecane 44–81.5 Batch, 300 ◦C, 

40 bar, 5 h and 
900 rpm 

See ref [105] [105] 

CoMoS nanosulfidea p-cresol, anisole, and diphenyl ether Decalin 100 after 3 h 
(p-cresol) 

Batch, 300 ◦C, 
40 bar, and 4 h 

Arene yield (98%) [106] 

CoS2/MoS2
a Creosol and phenol derivatives Dodecane 18–98 Batch, 250 ◦C, 

40 bar, and 1 h 
For CoMo-0.3, toluene (99%) [107] 

MoS2 and CoMoS2
a Phenol n-decane 30–98 Batch, 350 ◦C, 

28 bar, 150 rpm, 
and 1 h 

See ref [108] [108] 

Amorphous NiMoSa Phenol n-decane 34.5–96.2 [109] 

(continued on next page) 
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[121]. During the hydrothermal synthesis of catalysts, the accommo-
dation of Co atoms in the coordinative unsaturated sites (CUS) of MoS2 
and also edge sites resulted in the formation of a Co-Mo-S active phase 
that enhanced the HDO activity [121]. Their results further demon-
strated that the Co/(Co + Mo) molar ratio of 0.3 provided the highest 
HDO activity and toluene selectivity, on the other hand, excessive Co 
introduction, causing the formation of large Co9S8 particles that hinder 
the HDO active sites with decreased HDO activity [121]. 

A two-step strategy for the synthesis of Co-MoS2− x catalysts involved 
first the hydrothermal and then subsequently the solvothermal method 
as explored by Wu et al. [122]. They concluded that the reducing ability 
of MoS2− x induced by the sulfur vacancy was able to reduce the Co 
precursor to Co metallic while decorating the edges of MoS2− x, leading 
to the formation of the metal-vacancy interfaces that catalyze the HDO 
reaction [122]. They further performed Gibbs free-energy calculations 
(Fig. 10) and clarified that DDO of 4-methylphenol underwent a 
two-step, hydrogenation and dehydration with CH3C6H4OH+ and 
CH3C6H4

- being the transition states [122]. As can be seen in Fig. 10, the 
Gibbs free energies for the formation of the transition state species were 
decreased for Co-MoS2− x in comparison to MoS2− x indicating that the 
metal-vacancy interface favored the adsorption of 4-methylphenol and 
lowered the reaction energy barriers, hence enhancing the HDO activity 

[122]. Another study by Wang et al. has proposed a reaction network for 
p-cresol HDO using a hydrothermally prepared CoMoS catalyst, as 
shown in Fig. 11a) [112]. Two different deoxygenation routes for 
p-cresol have been proposed: the first is the DDO route, where the 
partially hydrogenated dihydrocresol is attacked and the dissociated H+

and the OH2
+ species are cleaved in the form of H2O producing toluene 

[112]. The second route involves HYD where the partially hydrogenated 
p-cresol is fully hydrogenated to 4-methylcyclohexanol and then dehy-
drated to 3-methycyclohexene. The product, 3-methylcyclohexene then 
undergoes hydrogenation and forms methylcyclohexane [112]. The 
study also described a p-cresol adsorption scheme on an unsupported 
CoMoS catalyst [112], as shown in Fig. 11a). p-cresol could adsorb via 
its vertical orientation and coplanar position in relation to the DDO and 
HYD routes, respectively [112]. It can also be considered that there is a 
difference in the CoMoS properties which determine the adsorption 
orientation and thus the reaction route [112]. For instance, it was 
mentioned in their study that an increase in the number of MoS2 layers 
and also reduced slab length can enhance the toluene selectivity and 
p-cresol conversion [112]. 

The use of a template like zeolitic imidazolate framework-67 (ZIF- 
67) was used to prepare a self-supported defect-rich CoMoS-x catalyst 
for HDO of p-cresol [120]. The main finding in this work highlighted the 

Table 4 (continued ) 

Sulfided catalyst Model compound (s) Solvent Conversion 
(%) 

Reaction conditions HDO product selectivity (%) Ref. 

Batch, 350 ◦C, 
28 bar, 150 rpm, 
and 1 h 

For NiMoS-0.3, benzene (30.4%), 
cyclohexane (52.4%), cyclohexene 
(9.8%), cyclohexanone (7.4%) 

MoS2
a Phenol, 4-methylphenol, and 4- 

methoxyphenol 
Hexadecane 34–52 Batch, 350 ◦C, 

28 bar, 1000 rpm, 
and 7 h 

For phenol, benzene (36%), 
methylcylohexane (6%) and 
cyclohexylbenzene (43%) 

[110] 

NiMoWa Guaiacol - 99 Continuous, 400 ◦C, 
28 bar, and WHSV 
= 2.7 h− 1 

Phenol (45%), creosol (15%), 
catechol (10%), and hydrocarbon 
(30%) 

[111] 

CoMoSa p-cresol Dodecane 78.8–98.7 Batch, 350 ◦C, 
28 bar, 900 rpm, 
and 7 h 

For CoMo-0.5–200, 
methylcyclohexane (6.3%), 
methylcyclohexene (1.5%) and 
toluene (92.2%) 

[112] 

Ni-WMoSa p-cresol Dodecane 85–97.9 Batch, 300 ◦C, 
40 bar, 700 rpm, 
and 6 h 

For W-Mo-0.5, methylcyclohexane 
(66.7%), methylcyclohexene (3.2%) 
and toluene (30.3%) 

[113] 

NiMo(W)Sa 4-methylphenol Decalin 93.9–97.8 Batch, 300 ◦C, 
30 bar, 800 rpm, 
and 5 h 

Toluene (87.2%), methylcyclohexane 
(11.3%), and 4-methylcyclohexene 
(1.5%) 

[114] 

NiMoWSa 4-methylphenol Decalin 87–100 Batch, 300 ◦C, 
30 bar, 800 rpm, 
and 5 h 

Toluene (95.6%), methylcyclohexane 
(2.9%), and 4-methylcyclohexene 
(1.5%) 

[115] 

MoP, MoS2, and 
MoOx

a 
4-methylphenol Decalin 30–100 Batch, 300 ◦C, 

30 bar, 800 rpm, 
and 5 h 

See ref [116] [116] 

MoS2 (effect of adding 
CTAB)a 

p-cresol Dodecane 42–100 Batch, 275 or 
300 ◦C, 40 bar, 
900 rpm, and 5 h 

See ref [117] [117] 

NiMoSa p-cresol Dodecane 67–100 Batch, 300 ◦C, 
40 bar, 900 rpm, 
and 5 h 

For NiMo-0.3, methylcyclohexane 
(67.1%), 3-methylcyclohexene 
(4.12%), and toluene (28.8%) 

[118] 

Fe-MoS2
a p-cresol Dodecane 63.3–98.3 Batch, 250 ◦C, 

40 bar, 900 rpm, 
and 5 h 

For FeMo-0.3, methylcyclohexane 
(3.7%), methylcyclohexene (1.6%), 
and toluene (94.7%) 

[119] 

CoMoS, zeolitic 
imidazolate 
framework-67 (ZIF- 
67) as Co precursor 
and templatea 

p-cresol Decalin 24.7–99.1 Batch, 250 ◦C, 
30 bar, and 2–6 h 

For reduced CoMoS-0.18 at 250 ◦C, 
toluene (95,5%) 

[120] 

Co-doped nano-MoS2
a p-cresol Dodecane 3.8–98.7 Continuous fixed- 

bed, 180–220 ◦C, 
30 bar, and LHSV of 
10 h− 1 

For Co/MoS2-0.5 at 220 ◦C, toluene 
(95.3%) 

[121] 

Co-MoS2− x
a 4-methylphenol, 4-ethylphenol, guaiacol, 

and lignin oil 
Dodecane 2–100 Batch, 120–200 ◦C, 

30–40 bar, and 
1.5–10 h 

See ref [122] [122]  

a Unsupported metal sulfide catalysts. 
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Fig. 7. Reaction pathway for guaiacol HDO over MoS2/C by a microemulsion preparation method [90]. S. Mukundan, M. Konarova, L. Atanda, Q. Ma and J. 
Beltramini, Catal. Sci. Technol., 2015, 5, 4422–4432, reproduced by permission of The Royal Society of Chemistry. 

Fig. 8. a) Reaction scheme for phenol HDO over sulfide-supported NiMo catalyst [91]. Reprinted (adapted) with permission from Templis, C. C, Revelas, C. J, 
Papastylianou, A. A, Papayannakos, N. G., Ind. Eng. Chem. Res., 2019, 58 (16), 6278–6287. Copyright (2019) American Chemical Society. b) Interaction between 
guaiacol and NiMo supported on pillared clay (PILC) in reduced (NiMoPR) and sulfided (NiMoPS) forms [104]. Reprinted (adapted) with permission from I. B. 
Adilina, N. Rinaldi, S. P. Simanungkalit, F. Aulia, F. Oemry, G. B. G. Stenning, I. P. Silverwood, and S. F. Parker, J. Phys. Chem. C, 2019, 123, 21429–21439. Copyright 
(2019) American Chemical Society. 
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importance of a pre-reduction of the catalysts in decalin (300 ◦C, 
30 bar H2, and 6 h), and such pre-treatment promoted the formation of 
sulfur vacancies on the MoS2 surface and facilitated the surface 
restructuring of Co-Mo interfaces resulting in the in-situ generation of an 
abundance CoMoS active sites favoring the DDO route, as shown in  
Fig. 12 [120]. A hard template like mesoporous silica SBA-16 has also 
been used to synthesize an unsupported NiMoW sulfide catalyst for the 
HDO of guaiacol in a fixed-bed reactor [111]. The NiMoW sulfide un-
supported catalyst gave a 99.6% guaiacol conversion with minimal coke 
formation at 400 ◦C [111]. Adapted from the reference, shown in Fig. 12 
b), guaiacol underwent HDO via demethylation (DME), demethox-
ylation (DMO), and transalkylation [111]. Phenol was formed by either 
the direct demethoxylation of guaiacol or the dehydroxylation of cate-
chol; both reactions resulted in the production of benzene [111]. It is 
worth noting that phenol was first obtained from the HDO of guaiacol as 

a reaction intermediate caused by the higher bond dissociation energy 
for the hydroxy group on the aromatic ring than the methoxy group 
[84]. 

3.2. HDO of dimeric phenols 

Furthermore, the cleaving and HDO of dimeric phenols are of interest 
because the depolymerized lignin streams and bio-oils can contain not 
only monoaromatic compounds but also various aromatic dimers and 
oligomer fragments. These intermediates are present in the reaction 
feed, and they should be cleaved during the deoxygenation process. 
Hence it is necessary to study the HDO of model fragments that can 
mimic specific structural linkages that can be found in lignin under HDO 
conditions. Metal sulfides have been explored for cleaving lignin model 
dimers having C-O-C ether and C-C linkages. The cleavage of lignin 

Fig. 9. a) DDO reaction pathway for HDO of 2-ethylphenol over supported MoS2 catalysts [95] b) HYD reaction pathway for HDO of 2-ethylphenol over supported 
MoS2 catalysts [95]. This figure was adapted from one in Applied Catalysis B: Environmental, Y. Romero, F. Richard, and S. Brunet, Hydrodeoxygenation of 2-Ethyl-
phenol as a Model Compound of Bio-Crude over Sulfided Mo-Based Catalysts: Promoting Effect and Reaction Mechanism, Appl. Catal. B Environ., 2010, 98 (3− 4), 
213–223, Copyright Elsevier (2010). 
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dimers containing etheric linkages (α-O-4 or β-O-4, 4-O-5, etc) is faster 
due to their low bond dissociation energy while C-C linkages (5–5′, β-1, 
β-β, etc.) are quite recalcitrant. The bond dissociation energy of the 
etheric linkages is in the order of 4-O-5 (ca. 330 kJ/mol) > β-O-4 (ca. 
289 kJ/mol) > α-O-4 (ca. 218 kJ/mol) while for the 5–5′ linkage it is ca. 
490 kJ/mol [126–128]. The review for model lignin dimers (Table 5) is 
discussed in this section while Section 4 of this paper is focused on real 
lignin feed for hydrotreatment. These types of model dimer 
compound-related studies can provide a means of screening the effec-
tiveness of catalysts and understanding reaction mechanism schemes 
that occur during lignin depolymerization. Various studies involving 
lignin dimers revealed that sulfided catalysts can effectively break down 
the dimers to monomers however to a different extent. Koyama et al. 
showed the hydrocracking of benzyl phenyl ether, diphenyl ether, 
benzyl phenols, diphenylmethane, and dibenzyl over sulfided NiMo/a-
lumina, Fe2O3/alumina, and MoO3/TiO2 in the range of 340–450 ◦C 
[129]. Monomer yield increased with increasing temperature for model 
dimers having a phenolic hydroxyl group and C-O-C linkages while the 
C-C biphenyl bond was quite recalcitrant even up to 450 ◦C. Additional 
dimers were also found to be formed due to dehydroxylation and sub-
sequent hydrogenation reactions. 

As mentioned earlier, Jongerius et al. reported that with a com-
mercial sulfided CoMo/Al2O3 the β-O-4 bonds of phenyl coumarin alkyl 
ether could be cleaved to monoaromatics while 5–5′ linkages could not 
be broken at 300 ◦C and 50 bar of H2 pressure [94]. Shuai et al. reported 
a substantial yield of aromatic monomers from the selective cleavage of 
-CH2- linked C-C phenolic dimers over a commercial CoS2 catalyst at 

250 ◦C and 50 bar of H2 following 1.5 h of reaction [130]. However, β-1 
and 5–5′ C-C linked dimers could not be cleaved but rather transformed 
into hydroxyl dimers via demethoxylation. Surface engineering of un-
supported Co-promoted MoS2 nanosulfides by Song et al. showed that 
diphenyl ether (4-O-5) could be cleaved efficiently to produce benzene 
selectively [106]. The same author also claimed that in-situ exsolution 
synthesized CoMoS on a sulfated zirconia support enhanced the 4–0–5 
(diphenylether) C-O cleavage and the subsequent deoxygenation to 
benzene, toluene, and ethylbenzene [133]. Their work also compared 
the catalysts prepared by a conventional impregnation and physically 
mixed sulfated ZrO2 supported CoMo sulfide catalysts, and showed that 
the exsolution method represented the best method based on the activity 
and characterization tests. The activity enhancement was mainly 
attributed to the better interaction between the CoMo sulfide phase and 
support, Lewis acid sites of sulfated ZrO2, and highly-dispersed CoMo 
sulfide [133]. Ji et al. showed that nanocrystalline pyrite and marcasite 
(FeS2), supported over activated carbon was highly active and selective 
for the hydrodeoxygenation of dibenzyl ether into toluene at 250 ◦C 
under an initial H2 pressure of 100 bar for 2 h [134]. The high activity of 
such a catalyst was claimed to be due to the transformation of surface 
FeS2 into Fe(1− x)S [134]. A proposed reaction pathway for the chemical 
transformation of dibenzyl ether to benzaldehyde and toluene is shown 
in Fig. 13a) [134]. The proposed chemical pathway involves the for-
mation of phenylmethylium, and subsequent cleavage of the ether bond. 
Then hydride transfer takes place from phenylmethanolate to phenyl-
methylium, resulting in the formation of targeted products, benzalde-
hyde, and toluene. In another study, Zhang et al. proposed that the 
cleaving of lignin β-O-4 ether bonds can occur through a 
dehydroxylation-hydrogenation reaction over the acid-redox site of a 
NiMo sulfide catalyst which significantly lowers the bond dissociation 
energy and subsequently facilitates the formation of styrene, phenols, 
and ethers with H2 and an alcohol solvent [135]. A potential main route 
for the conversion of 2-phenoxy-1-phenylethanol (β-O-4-A) over the 
NiMo sulfide catalyst was proposed in their work which involves the 
adsorbed β-O-4-A firstly losing a hydroxy group and generating carbo-
cation intermediates (PhCHδ+CH2OPh) at the weak and medium acid 
sites of the catalyst. The carbocation intermediates were then trans-
formed into radical intermediates (PhCH⋅CH2OPh) by obtaining an 
electron from the catalyst redox cycle (Fig. 13b). Due to the lower bond 
dissociation energy (BDE) of the Cβ-OPh ether bond in the radical in-
termediate (66.9 kJ/mol) than the one in β-O-4-A (274.0 kJ/mol), the 
Cβ-OPh bond cleaves easily, and then the generated radical species react 
with activated H2 or methanol to form various arene products like 
phenols and ethers [135]. 

A similar strategy of peroxidation via O2/NaNO2/2,3-Dichloro-5,6- 
dicyano-1,4-benzoquinone (DDQ)/N-Hydroxyphthalimide (NHPI) and 
subsequent hydrogenation over a NiMo sulfide catalyst was found 
beneficial for the overall cleavage of β-O-4 model compounds [136]. 

Fig. 10. Gibbs free-energy calculation for HDO of 4-methylphenol over MoS2− x 
and Co-MoS2− x catalysts [122]. Reprinted (adapted) with permission from K. 
Wu, W. Wang, H. Guo, Y. Yang, Y. Huang, W. Li, and C. Li, ACS Energy Lett, 
2020, 5, 1330–1336. Copyright (2020) American Chemical Society. 

Fig. 11. a) A reaction network for p-cresol HDO over unsupported CoMoS catalyst [112] b) Adsorption scheme for HDO of p-cresol over unsupported CoMoS 
catalyst. Reprinted (adapted) with permission from Wang. W, Zhang. K, Li. L, Wu. K, Liu. P, Yang. Y., Ind. Eng. Chem. Res., 2014, 53 (49), 19001–19009. Copyright 
(2014) American Chemical Society. 
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Recently our group studied lignin dimer hydrotreatment involving sul-
fided NiMo over Al2O3 and ultra-stable Y zeolite (USY). It has been 
found that the NiMoS-USY combination can give a high yield of 
mono-aromatics including deoxygenated aromatics, mono/alkyl phe-
nols, and cycloalkanes via hydrogenolysis of etheric C-O bonds and 
subsequent cleavage of C-C intermediates formed by transalkylation 
reactions [131]. Interestingly, with the NiMoS-USY combination, 
recalcitrant β-1, -CH2 linked dimers and 5–5′ linkages could be signifi-
cantly cleaved due to a suitable balance between Brønsted acidity and 
Ni-promoted MoS2 redox sites. This study led to a further study inves-
tigating USY with different silica/alumina ratios (SAR) as catalyst sup-
ports for NiMoS in valorizing lignin dimers [132]. Among all the studied 
catalysts, NiMoS on USY with an intermediate SAR of 30 was found to be 
most effective in cleaving β-O-4 and C-C linkages with a high degree of 
hydrogenolysis, hydrocracking, and HDO reactions owing to an 
apparent optimal balance between acidic and deoxygenation sites. 
Moreover, it was found that a higher surface acidity promoted the initial 

conversion of 2-phenethylphenylether (PPE) and 2,2-biphenol (5–5′) via 
transalkylation and isomerization [132]. These results suggested that 
tuning the acidity and pore sizes of the USY-zeolite and further 
impregnating with NiMoS was an effective way to create a catalyst that 
is efficient in both breaking recalcitrant lignin linkages and achieving a 
high level of deoxygenation. 

3.3. HDO of complex feedstocks like pyrolysis/lignin oil upgradation 

Pyrolysis oil produced from the fast pyrolysis of solid biomass con-
tains a variety of compound groups like sugars, alcohols, phenols, ke-
tones, aldehydes, furans, and acids. These compounds contribute to 
various detrimental properties of pyrolysis oil which need to be 
addressed before the full utilization of pyrolysis oil as a fuel or other 
applications by hydrotreatment in petroleum refineries. Shumeiko et al. 
performed a series of screening tests of lab-synthesized and commercial 
sulfided NiMo catalysts for long-term hydrotreatment of wheat/barley 

Fig. 12. a) In situ formation of CoMoS active phase for 
HDO of p-cresol. Reprinted (adapted) with permission from 
X. Liu, X. Hou, Y. Zhang, H. Yuan, X. Hong, G. Liu, Ind. Eng. 
Chem. Res., 2020, 59, 15921–15928. Copyright (2020) 
American Chemical Society. [120]. b) A proposed reaction 
scheme for HDO of guaiacol over NiMoW catalyst [111]. 
This article was published in Catalysis Communications, 
Tran, C. C, Stankovikj, F, Kaliaguine, S, Unsupported 
Transition Metal-Catalyzed Hydrodeoxygenation of Guaia-
col, Catal. Commun., 2017, 101, 71–76, Copyright Elsevier 
(2017).   

Table 5 
Cleaving of lignin dimers over sulfided catalysts.  

Entry Sulfided catalyst Model compound Reaction conditions HDO product selectivity (%) Ref. 

1 CoMoS/Al2O3 1-hydroxy-1-(4-hydroxy-3-methoxyphenyl)− 2-(2,6- 
dimethoxyphenoxy)ethane (Synthesized) 
Phenylcoumaran 2,2′-biphenol 

300 ◦C, 50 bar, 
batch 

Monoaromatics [94] 

2 NiMo/Al2O3 Benzylphenylether 
(BPE), 4-hydroxydiphenylether 
(4HDPE), diphenylether (DPE), 4-hydroxydiphenylmethane 
(4HDPM), diphenylmethane (DPM), dibenzyl (DB), biphenyl (BP), 
and 2-hydroxybiphenyl (2HBP) 

340–450 ◦C, 100 kg/ 
cm2 (98 bar), batch 

Benzenes, monophenols, other 
dimers 

[129] 

3 Unsupported CoMoS Phenol, p-cresol, Anisole, Diphenyl ether, Catecol, Guaicols 300 ◦C, 4 MPa of H2, 
atuoclave (50 ml) 

> 85% Yield of BTX [106] 

4 Commercial CoS2, MoS2 and 
FeS2 

Dimethylguaiacylmethane 250 ◦C, 50 bar H2 88% monomer in 90 min 
reaction 

[130] 

5 NiMoS on alumina, USY, and 
mixed alumina-USY supports 

Benzyl phenyl ether (BPE), 2-phenethylphenylether (PPE), and 2,2- 
biphenol (5–5′) 

320 ◦C, 50 bar H2, 
6 h, and 1000 rpm 

Monomers like cycloalkanes, 
deoxygenated aromatics and 
phenolics 

[131] 

6 NiMoS on USY with various 
silica-alumina ratios (SAR) 
(12, 30 or 80) 

2-phenethylphenylether (PPE), 2,2-biphenol (5–5′), and 
4–4′dihydroxydiphenylmethane (DHDPM) 

345 ◦C, 50 bar H2, 
6 h, and 1000 rpm 

Mostly cycloalkanes, BTX, 
ethylbenzenes 

[132]  
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(50/50 wt%) straw-derived pyrolysis oil in a fixed-bed reactor aiming to 
produce a hydrotreated pyrolysis oil that is compatible with the petro-
leum refinery fraction for coprocessing [137]. The assessment of their 
results was based on the HDO and HDS activity. Their results showed 
that the catalysts synthesized by co-impregnation were better than the 
catalysts prepared by a two-step impregnation procedure despite having 
the same active NiMo phase loading and the same commercial alumina 
support. While the commercial catalysts performed worst among all the 
catalysts in terms of HDO activity, they showed the best HDS perfor-
mance [137]. The difference in activity may be attributed to the 
different physicochemical properties of the catalysts and also prepara-
tion methods. These results suggest that the HDS activity of a sulfide 
catalyst is not suitable for indicating its HDO performance for pyrolysis 
oil. The long-term experiments (80 h) in their work were useful in un-
derstanding the deactivation of the sulfided catalysts [137]. Their 
experimental results showed that the product quality changes, which 
was indicated by a gradual loss of catalyst activity with increasing 
time-on-stream [137]. Thus, their work demonstrated the feasibility of 
using biomass-derived pyrolysis oil to obtain a compatible feedstock for 
co-processing in a refinery, however, the stability of the sulfided cata-
lysts needs to be fully addressed before achieving a successful deploy-
ment of the technology. Another study conducted by Zhang et al., 
upgraded a pyrolysis oil produced by the fast pyrolysis of forest residues 
with light cycle oil (LCO) as a reaction medium using a dispersed un-
supported MoS2 catalyst [6]. The use of the dispersed unsupported 
catalysts was considered to allow better interaction between the active 
sites of the catalysts, hydrogen, and the heavy feedstock resulting in less 
solid yield. The low solid yield ranging from 0.8 to 1.8 g/100 g bio-oil at 
the end of their experiment showed that the use of dispersed unsup-
ported materials can suppress the side reactions such as polymerization 
and re-polymerization of the large molecular weight compounds and 
reactive species that result in solid residues. 

Priharto et al. studied the hydrotreatment of pyrolysis oil derived 
from lignin-rich digested stillage over commercial sulfided NiMo and 
CoMo catalysts [138]. They demonstrated the feasibility of utilizing 
solid waste residues from bioethanol processes for the production of 
pyrolysis oil. The further hydrotreatment of the pyrolysis oil also 
resulted in an appreciable oil yield of 60–64 wt% [138]. It should be 

noted that the nitrogen content in such feed should be refined employing 
hydrodenitrogenation (HDN), as, from their GCMS analysis, 
nitrogen-containing aromatic heterocyclic compounds present in the 
feed like indoles were converted to pyrroles. Hence, the removal of ni-
trogen content in pyrolysis oil by the means of hydrodenitrogenation 
(HDN) should be addressed in any future study with the aid of sulfided 
catalysts. For instance, Izhar et al. studied HDN of fast-pyrolysis oil 
derived from sewage sludge over a phosphorus-promoted sulfided 
NiMo/Al2O3 catalyst [139]. The main finding from their work showed 
that dissolving pyrolysis oil using a non-polar solvent like xylene 
improved nitrogen removal compared to using protic solvents due to the 
competition between denitrogenation and deoxygenation reactions 
[139]. 

4. Reductive liquefaction of lignin 

Lignin (an amorphous solid) is a renewable and sustainable future 
source of aromatic compounds for the chemical industry [140]. Ligno-
cellulosic biomass contains up to 33 wt% of lignin. Softwoods (conif-
erous woods, e.g. spruce), contains 27–33 wt% lignin. Hardwoods 
(deciduous species, e.g. birch) have 18–25 w% lignin and grasses 
constitute 17–24 wt% of lignin [141,142]. Chemically, lignin is a 
3-dimensionally complex biopolymer composed of three basic structural 
units; sinapyl alcohol, coniferyl alcohol, and coumaryl alcohol. The 
composition of these structural units is different among the lignocellu-
losic biomasses. In softwoods, the coniferyl alcohol units form 90–95 wt 
% of the lignin with the remaining being only the sinapyl alcohols 
(10–5 wt%). In hardwood lignin, an equal amount of (50–50 wt%) 
coniferyl and sinapyl alcohols are observed. These woods are devoid of 
the coumaryl alcohol structural unit. Grasses contain 0–5 wt% of the 
coumaryl alcohol units, but the major contributions are from the con-
iferyl alcohol (75 wt%) and the sinapyl alcohol (20–25 wt%) units. The 
structural units in lignin are connected by various C-O-C ether linkages 
(α-O-4, β-O-4, 4-O-4) and C-C linkages (β-β, β-1, β-5, 5–5) (see Fig. 15) to 
generate the three-dimensional structure of lignin. Among these two 
kinds of linkages, the ether linkages (65%) dominate in lignin, of which 
the β-O-4 alone accounts for 50% of all ether linkages. The composition 
of the chemical linkages in softwood, hardwood, and grass lignin are 

Fig. 13. a) Proposed reaction pathway for the formation of 
benzaldehyde and toluene from dibenzyl ether. “A” stands 
for a Brønsted or Lewis acid site [134]. Copyright (2015) 
Wiley, used with permission from N. Ji, X. Wang, C. Wei-
denthaler, B. Spliethoff, and R. Rinaldi, Iron(II) Disulfides 
as Precursors of Highly Selective Catalysts for Hydro-
deoxygenation of Dibenzyl Ether into Toluene, Chem-
CatChem, 2015, 7, 960–966. b) The potential route for 
2-phenoxy-1-phenylethanol (β-O-4-A) conversion over the 
NiMo sulfide catalyst [135]. C. Zhang, J. Lu, X. Zhang, K. 
MacArthur, M. Heggen, H. Li, and F. Wang, Green Chem., 
2016, 5, 6545–6555, reproduced by permission of The 
Royal Society of Chemistry.   
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also dissimilar. For instance, softwood contains more C-C bonds than 
hardwood. Also, the C-O-C and C-C linkage patterns vary among the 
softwood/hardwood/grasses plants classes too. Lignin structure is very 
complex among and within the various lignocellulosic biomasses. This 
necessitates the exact structural determination of every isolated lignin 
which is very challenging to accomplish [143]. 

The natural sources of lignins are the many agricultural residues 
(grain dust, sunflower stalk, bagasse, etc.) and forest residues [3]. The 
lignins from these sources can be utilized only after their extraction. 
Otherwise, they need to be co-processed along with the cellulose and 
hemicellulose fractions of the biomass. On the other hand, commercial 
lignins (also known as the technical lignins: Kraft lignin, soda lignin, 
hydrolysis lignin, etc.) are already extracted lignins almost devoid of the 
cellulose and hemicellulose fractions. Commercial lignins are usually 
generated as the byproducts of various commercial pulping/hydrolysis 
processes. For instance, Kraft lignin is generated as the byproduct of the 
Kraft pulping process, likewise, the soda pulping process generates soda 
lignin as a byproduct, and hydrolysis lignin is produced during the 
enzymatic hydrolysis of cellulosic biomass to ethanol [3]. The severity of 
the pulping processes and the chemical reagents used in the processes 
(NaOH, Na2S, H2SO4, etc.) [140] adversely affect the lignin structure. 
Bonds are broken and new ones are generated during the processes. 
Hence, the structures of commercial lignins are different from their 
natural counterparts. Currently, most of the commercial lignins pro-
duced are utilized as a combustion fuel in the pulping process to 
regenerate heat energy for the pulping process. This gives rise to a low 
value-addition of the lignin ($70–150 per ton). On the other hand, the 
conversion of commercial lignins to chemicals (e.g.: phenols, benzenes, 
toluene, xylenes, etc.), and fuels significantly improves its 
value-addition (approximately $1300 per ton) [7]. 

The sole way to obtain the different monomeric aromatic compounds 
from lignin is through its depolymerization. In general, lignin depoly-
merization can be achieved by techniques such as pyrolysis, gasification, 
hydrogenolysis (H2), chemical oxidation (O2), and hydrolysis (H2O) 
[144]. Other methods include microwave-assisted lignin depolymer-
ization, biological depolymerization, and a so called lignin-first 
approach, as summarized in Fig. 15. There are many excellent reviews 
available in the literature on various lignin depolymerization techniques 
and their different advantages [3,140,141,143,144–151]. Anyways, the 
produced bio-liquids needs further upgrading to produce bio-fuels. For 
instance, the liquid bio-oil obtained from the pyrolysis of lignin is cor-
rosive and high in oxygen content. To produce value-added compounds 

from this bio-oil, an additional step involving catalytic hydrotreatment 
is necessary. On the contrary, chemical depolymerization especially 
using heterogeneous catalysts has the advantages of high product 
selectivity to either value-added oxygenates or deoxygenates in a single 
step, high efficiency of the reagents used, and moderate reaction con-
ditions, and the ease of reaction control [140]. This part of the review 
focuses on the chemical reductive method (H2) of lignin valorization 
using sulfided catalysts. 

The first step in lignin depolymerization is its thermal degradation to 
oligomeric lignin fragments (Scheme 1) [152]. The macromolecular 
structure of lignin is a major hurdle for employing solid catalysts during 
this step, since, in most of the porous solid catalysts, their pore di-
mensions do not match with the dimensions of the lignin macromole-
cules. However, homogeneous catalysts may better facilitate the first 
step. In the second step, the formed smaller fragments undergo further 
degradation to form oxygenated monomeric molecules. Solid catalysts 
can perform this step. In the third step, deoxygenation (catalytic HDO) 
of these monomers to liquid aromatic products ensues. Further catalytic 
hydrogenation of aromatics to cyclic aliphatic compounds follows in the 
final step (Scheme 1). The gaseous products of lignin depolymerization 
are mainly, CO2, CO, CH4, and C2-C4 alkanes. At any stage of the lignin 
depolymerization, the repolymerization of the depolymerized lignin 
fragments, aromatic oxygenates, and aromatics may occur. This repo-
lymerization occurs mainly through C-C bond formation (on the other 
hand, the C-O-C bonds may undergo further breakage) leading to the 
formation of a solid phase composed of polycondensed aromatic struc-
ture, usually called as lignin depolymerization char [152]. The main 
challenge in lignin depolymerization is to reduce the char formation and 
concurrently to increase the formation of the liquid products [153]. 

The conversion in lignin depolymerization in the literature is 
expressed in contrasting ways by different research groups. Some au-
thors separate the unconverted lignin from the char through solvent 
extraction to calculate the actual lignin conversion to liquids and gases. 
While others consider only the total amount of solid products (also 
containing unconverted lignin) obtained after the depolymerization in 
their calculation. The liquid product yields are also represented in 
different ways in the literature. The weight of bio-oil produced after 
depolymerization (sometimes expressed as the wt% of a particular 
solvent-soluble fraction) is the common method found in the literature. 
In the very early reports on lignin depolymerization, both the conversion 
and the composition of bio-oils are rarely mentioned. Whenever the 
composition of the bio-oil was specified in the literature, it is briefly 

Fig. 14. Methods for lignin depolymerization.  
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stated in this section of the review. However, to obtain more detailed 
information about the full composition of the bio-oil and conversion, it is 
recommended to follow the corresponding cited references. Moreover, 
some literature represents the char yield as ‘char’, while others refer to it 
as ‘solid residue’ obtained after the reaction. These terms can be syn-
onymous, but in some cases, the ‘solid residue’ could also include char as 
well as unconverted lignin. 

4.1. Batch processes using commercial catalysts 

Early reports on the use of sulfided catalysts in lignin conversion 
were mainly focused on examining to what extent lignin valorization 
could be achieved rather than the catalyst structure, and the activity 
correlations. The choice of the various sulfided catalysts for this was 
purely based on their reputation for sulfur tolerance and capability for 
desulfurization/hydrogenation/hydrogenolysis activity. One such early 
study was reported by Vuori et al. in 1988, where they compared the 
lignin liquefaction under mild thermolysis conditions (< 400 ◦C) and 
catalytic conditions [153]. A commercial sulfided CoMo/Al2O3 was 
employed as the hydrotreating catalyst. Kraft lignin was the feedstock 
and tetralin was chosen as a hydrogen donor solvent (tetralin can act 
both as a solvent and 4-hydrogen atom donor to the reaction medium). 
The liquid products of the reaction (345 ◦C, 20 bar of H2, 5 h) mainly 
constituted phenols and acids (ether soluble fraction) amounting to 
11.5 wt% in yield. This yield was not very much higher than the ther-
molytic reaction where the liquid product yield was 8.1 wt%. In the 
gaseous products, CH4 (from lignin) contributed around 2.7 wt% yields 
from the catalytic reaction as compared to 1.1 wt% from the thermolytic 
conditions, suggesting an enhancement in reaction rate under catalytic 
conditions. Surprisingly, the authors found more char formation with 
the catalytic process (33 wt%) than the thermolytic process (21 wt%), 
leading to a conclusion that the catalyst could improve the reaction rate, 
however, was incapable of preventing the condensation reactions 
leading to char. Even the presence of both the hydrogen donor solvent 
(tetralin) and H2 pressure (20 bar) was unable to prevent condensation 
reactions from lignin fragments [153]. 

In general, solvents in lignin depolymerizations can stabilize the 
reactive intermediates, enhance the catalyst-lignin interactions, and 

promote the solubility of lignin. The role of solvents in lignin depoly-
merization was reviewed in detail by Raikwar et al. [154]. To under-
stand the effect of hydrogen-donor and non-donor solvents on the lignin 
liquefaction process, Schuchardt et al., employed a set of different sol-
vents such as xylene, pyridine, cyclohexanol, isopropanol, and tetralin; 
the latter three being hydrogen-donor solvents [155]. The catalyst of 
choice was ferrocene in situ sulfided with CS2 or S. Among these solvents, 
tetralin gave the maximum heavy-oil yield of 44 wt% at 65 wt% of 
lignin conversion (400 ◦C, 270 bar at 400 ◦C, 0.5 h). This was attributed 
not only to the high hydrogen-donor ability of tetralin but also to its 
heavy-oil extraction ability. 

The C-C bonds in lignin are more difficult to cleave than the C-O 
bonds (vide supra). Therefore, catalysts for lignin depolymerization also 
need to be efficient for the C-C bond cleavage since a large amount of 
char (repolymerized lignin-containing a large amount of C-C bonds) 
formed during the depolymerization needs to be broken down as well for 
higher monomer yield. A comparative study using unsupported MoS2 
and CoS2 on the model compound dimethylguaiacylmethane containing 
a methylene bridge and Kraft lignin showed the CoS2 catalyst to be su-
perior in C-C bond cracking (11.7 wt% yields to the aromatic monomer 
from Kraft lignin at 250 ◦C, 50 bar H2, 15 h) than MoS2 [130]. However, 
the catalyst has a limitation, not all C-C bonds could be cleaved by CoS2. 
It is efficient only if there are hydroxy groups on any of the benzene rings 
related to the ortho position of the methylene/C-C bond. In the absence 
of these -OH groups, no C-C bonds were cleaved. The influence of the 
-OH group was more effective than the -OMe group in the C-C bond 
cleavage. Further studies showed that the active phase of the catalyst for 
C-C bond breakage is not CoS2 but CoS generated by the reduction of 
CoS2 in the H2 atmosphere. Complementary to this, the surface 
composition of the catalyst after the reaction showed a larger contri-
bution of CoS (Fig. 16a). The recycling studies showed a decrease in 
catalytic activity. The Co:S atomic ratio was reduced from 1:1.7–1:1 in 
the third run and the presence of the CoO phase was noticed. Condi-
tional experiments with CoO showed less activity, indicating that the 
most active phase of the reaction was its sulfided form. The decrease in 
activity during the recycle runs can thus be attributed to its oxidation to 
the oxide phase. Both the supported catalysts sulfided CoMo/Al2O3 and 
unsupported CoS/S2 are effective for the breakage of the C-C bonds in 

Fig. 15. Different linkages found in lignin.  

Y.W. Cheah et al.                                                                                                                                                                                                                               



Journal of Environmental Chemical Engineering 11 (2023) 109614

19

lignins. 
Lignin depolymerization behavior in the presence of a sulfided 

catalyst during the heating period of the batch reactor is often over-
looked. This information gives an idea about the lignin fragmentations 
happening in the presence of the sulfided catalysts in the early hours of 
the reactions where there is a large temperature variation. This was 
investigated by Joffers et al., using Protobind 1000 lignin and a com-
mercial sulfided NiMo/Al2O3 catalyst [157]. The time taken for the 
reactor to reach the desired temperature of 350 ◦C was only 14 min. 
Immediately following the 14 min, the lignin conversion was 27 wt%. 
This lignin conversion resulted in 24 wt% yields of liquids (mainly 
monomeric phenols), and 3 wt% of gases (CH4, CO, CO2, and C2-C5 
hydrocarbons). The remaining was the lignin residue (solid). Gel 
permeation chromatographic (GPC) analysis of the tetrahydrofuran 
soluble fraction of this lignin residue (oligomers) showed a molecular 
weight of 3575 g/mol, corresponding to 20 phenylpropane units (parent 
lignin had 26 units). These monomer units were further reduced to 6 
after 28 h of reaction [156]. The THF-soluble lignin residue still con-
tained stronger C-C linkages between monomer units, which were 
difficult to break. This could be due to the reaction conditions or perhaps 
due to the choice of a NiMo/Al2O3 catalyst than a CoMo/Al2O3 catalyst. 
Characterization of the catalyst after the reaction confirmed coke 

formation. Moreover, the sulfur content in the catalyst was decreased to 
7 wt% as compared to the 9 wt% in the freshly sulfided catalyst (Pro-
tobind 1000 had only 0.1 wt% of sulfur in it). Fig. 16b) shows the 
changes in the BET surface area, pore volume, and pore diameter of the 
catalyst as a function of reaction time. All these textural properties 
decreased in the first hour of the reaction and became almost constant 
after 28 h of the reaction. The sulfided catalyst showed good stability for 
longer reaction runs. The main cause of its deactivation is due to the loss 
of sulfur. Therefore, an additional sulfidation step is necessary to 
regenerate most of the initial activity. 

4.2. Semi-continuous processes 

To increase the monomer yield during lignin depolymerization, i.e., 
effectively removing the products from the catalyst preventing their 
further transformation, and competition for active sites, the lignin 
depolymerization process was attempted in a semi-continuous mode 
using sulfide catalysts. In the case of both a batch reactor and a fixed-bed 
reactor, the semi-continuous mode involves the continuous withdrawal 
of the reaction products under the flow of the H2. The lignin and the 
solvent (if any) are already placed in the reactors; they are not in a 
continuous feeding mode. In one such study, a NiMo/Al2O3 catalyst was 

Scheme 1. Kraft lignin depolymerization network [152]. Reprinted (adapted) with permission from R. Chowdari, S. Agarwal, and H. Heeres, ACS Sustainable Chem. 
Eng., 2019, 7, 2044–2055. Copyright (2019) American Chemical Society. 
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mixed with lignin (hydrolysis lignin) and packed into a tubular reactor 
[158]. No solvents were used in the depolymerization. At the reaction 
temperature (380 ◦C, 40 bar of H2, 4 h), the lignin underwent thermal 
degradation to smaller fragments, which were then subsequently 
transformed at the catalyst active site. The H2 gas which was continu-
ously flowing through the reactor enabled the mass transfer. The liquid 
products were collected in a gas-liquid separator during the depoly-
merization, and it consisted of an aqueous phase and an organic phase. 
The liquid products were composed of hydrocarbons, oxygenates, and 
phenols. The gaseous products were CO, CO2, CH4, etc. The solid 
product was mainly the lignin condensation product, char, which was 
separated from the catalyst by sieving. The catalyst was sulfided either in 
situ in the presence of the lignin in the reactor using dimethylsulfide at a 
temperature range of 200–220 ◦C (this temperature range is lower than 
the decomposition temperature of the lignin), or ex-situ (a pre-sulfided 
catalyst mixed with lignin and loaded into the reactor). The elemental 
analysis of the in situ and ex situ sulfided catalysts showed a Mo/S ratio of 
1.86 and 1.49 (w/w) respectively, indicating a lower degree of sulfi-
dation in the in situ sulfided catalyst. The pre-sulfided catalyst was more 
efficient (higher amount of liquid and gaseous products, and a lower 
amount of char) than the in situ sulfided catalysts. The sulfidation state 
of the catalyst is the crucial factor for its activity. Increasing the 
catalyst-to-lignin ratio increased the liquid and gaseous product yield, 
and consequently decreased the solid residue. This behavior was 

attributed to the proximity effect between the catalyst active sites and 
the reactants, which increased with an increase in catalyst amount. 
Similarly, an increase in H2 pressure favored a higher rate of hydroge-
nation and deoxygenation during the hydrocracking process. The study 
showed the adaptability of commercial sulfided catalysts for process 
modifications. 

A slightly modified semi-continuous batch process with a sulfided 
CoMo/Al2O3 catalyst was reported by Pu et al. [159]. A constant flow of 
H2 to maintain the reactor pressure and a reflux system to extract 
continuously the light aromatic products and H2O from the reactor were 
the main features of the semi-continuous setup. The semi-continuous 
approach helped to remove the gases formed during the reaction so 
that their contribution to catalyst properties/deactivation could be 
avoided. However, the contribution of H2O which was not completely 
removed until the reaction temperature was reached, to catalyst deac-
tivation, could not be avoided. When the catalyst was characterized after 
the reaction (350 ◦C, 80 bar H2, 13 h), significant changes in its 
composition and textural properties were observed (Fig. 17). Coking had 
started at the early hours of the reaction. The carbon content in the 
catalyst after the first hour of the reaction was 12 wt% and remained the 
same until the end of 13 h (Fig. 17a). The sulfur content was also 
reduced from 7.5 to 6 wt% after 13 h of reaction (Fig. 17b). However, 
based on XPS analysis, the S/Mo atom ratio had decreased significantly 
when comparing the freshly sulfided catalyst to that after 13 h reaction 

Fig. 16. a) Surface composition of CoS2 catalyst before and after the reaction [130]. Reprinted (adapted) with permission from L. Shuai, J. Sitison, S. Sadula, J. Ding, 
M. C. Thies, and B. Saha, ACS Catal., 2018, 8, 6507–6512. Copyright (2018) American Chemical Society. b) Changes in surface area (left panel), pore-volume, and 
pore diameter (right panel) of sulfided NiMo/Al2O3 catalyst as a function of lignin hydrotreatment time [156]. This article was published in Applied Catalysis B: 
Environmental, B. Joffres, M. T. Nguyen, D. Laurenti, C. Lorentz, V. Souchon, N. Charon, A. Daudin, A. Quignard, and C. Geantet, Lignin hydroconversion on 
MoS2-based supported catalyst: Comprehensive analysis of products and reaction scheme, Appl. Catal. B Environ., 2016, 184, 153–162, Copyright Elsevier (2016). 
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(2.2 and 1.7 respectively, Fig. 17b). Sulfur loss during the reaction ap-
pears to be inevitable for the sulfided catalysts. Other notable changes 
were observed in the textural properties of the catalyst. The surface area 
and pore diameter decreased from 193 to 185 m2/g, and from 0.47 to 
0.29 cm3/g respectively in the first hour and remained the same 
(Fig. 17a), while the average pore diameter decreased from 7.9 to 6.2 
during the first hour and remained almost the same until 13 h. The 
changes in both the composition and textural properties of the catalyst 
occurred during the heating period where lignin started to undergo 
depolymerization (the 0th hour is immediately following the heating 
period in Fig. 17). Nevertheless, with all these changes in its properties, 
the catalyst was active for oligomer cracking and deoxygenation re-
actions during the 13 h (the liquid fraction increased from 44 to 82 wt 
%). Perhaps, the most important aspect influencing the activity of the 
catalyst is its sulfur content. If there was a continuous source of sulfur, it 
can be presumed that the catalyst could have maintained its activity for 
longer reaction times. 

Instead of the ordinary organic solvents used for lignin depolymer-
ization, the use of slurry-oils with sulfided catalysts was also reported. 
Meier et al. studied the performance of a sulfided NiMo/Al2O3 catalyst 
in 5 different slurry-oils [160]. They were, (1) light fraction oil from 
bitumen and lignin coprocessing (S = 2 wt%), (2) heavy fraction oil of 
the same bitumen and lignin coprocessing (S = 4 wt%), (3) a recycled 
residual oil from (2), (4) standard vacuum gas oil, and (5) lignin-derived 
slurry oil. The performance of the catalyst in different slurry oils is 
compared in Table 6. Since the lignin-derived slurry oil already con-
tained phenols, the calculation of phenolic yields solely from the lignin 
feedstock resulted in negative values because the amount of the initial 
phenol in the lignin slurry oil was subtracted from the total phenols 
produced after the reaction. The highest yield for solid residue (coke, 
10.7 wt%) was obtained when the heavy fraction oil was used as the 
slurry oil. This amount was about 1.5 times lower than without the 
catalyst. The minimum yield to the solid residue (0.3 wt%) was obtained 
with lignin oil. Although the total amount of oil obtained from lignin 
with different slurry oils was in the high range of 68–83 wt%, the 
highest being in lignin slurry oil, the amount of phenol obtained ranged 
only between − 1.4–4.1 wt%. The phenolics yield without the catalyst 
was only 2.9 wt%. Hence, the catalyst had only a small effect in 
improving the phenolic yield during the hydrocracking process. When 
the heavy fraction slurry oil was used in its 3rd recycle run, a higher yield 
to total lignin oil (79 wt%), with a low yield to the solid residue (4.9 wt 
%) was obtained. The results of using slurry-oils containing sulfur in 

combination with a commercial sulfided NiMo/Al2O3 catalyst appeared 
highly promising for maintaining the sulfidation state of the catalyst and 
the commercialization of the process as other noble metal catalysts 
would normally undergo sulfur poisoning during the reaction. 

4.3. Solvent-free processes 

Sulfided catalysts were also used for solvent-free hydrotreatment of 
lignin. The solvent-free attempt was aimed at alleviating the techno- 
economic issues resulting from solvent recovery and recycling that 
would arise for large-scale production. Meanwhile, solvents have the 
advantages that they can impart good heat and mass transfer properties 
which are poorer in a solvent-free reaction [161]. The earliest study on a 
solvent-free depolymerization process using sulfided catalysts was re-
ported by Oasmaa et al., who mainly focused on the process and influ-
ence of lignin types rather than the catalysts [162]. Five technical 
lignins; 3 pine Krafts, 1 birch Kraft, and 1 organocell, over a combination 
of two commercial catalysts; a sulfided NiMo/aluminosilicate catalyst 
and 20 wt%Cr2O3/Al2O3 catalyst (1:1) was used for the process. In 
general, the product oil yields (395–400 ◦C, 100 bar of H2, 0.5 h) fol-
lowed the trend as organocell (71 wt%) > pine Kraft (63 wt%) > birch 
Kraft (49 wt%)). Out of the produced bio-oil, the detectable aromatic 
yield was in the range of 19 wt% for organocell, 21 wt% for pine, 14 wt 

Fig. 17. (a) Variation of C-content (grey bar), S-content (yellow bar), pore-volume (green bar), and pore size (blue bar) of sulfided CoMo/Al2O3 during lignin 
depolymerization (350 ◦C and 80 bar of H2), and (b) variation of surface composition (O, Al, S, Mo, and Co) from XPS analysis with respect to reaction time. Fresh 
(air) corresponds to freshly sulfided catalyst exposed to air [159]. The 0th hour immediately follows the heating period. This article was published in Applied 
Catalysis B: Environmental, J. Pu, T. Nguyen, E. Leclerc, C. Lorentz, D. Laurenti, I. Pitault, M. Tayakout-Fayolle, and C. Geantet, Lignin catalytic hydroconversion in a 
semi-continuous reactor: An experimental study, Appl. Catal. B Environ., 2019, 256, 117769, Copyright Elsevier (2019). 

Table 6 
Influence of various slurry oils in organocell lignin hydrocracking [160].  

Slurry oil T 
(◦C)a 

Solid 
residue 
(wt%) 

Middle 
oil (wt 
%) 

Light 
oil (wt 
%) 

Total 
oil (wt 
%) 

Phenolics 
(wt%) 

Light 
fractionb  

400  16.4  46.0  20.4  66.4 2.9 

Light 
fraction  

375  2.7  61.6  15.6  72.2 1.3 

Heavy 
fraction  

375  10.7  61.2  7.2  68.4 4.1 

Heavy 
fraction 
(3rd 

recycle)  

375  4.9  66.9  12.2  79.1 - 

Vacuum 
gas oil  

400  3.5  75.2  6.7  81.9 - 

Lignin oil  375  0.3  77.6  5.5  83.1 -1.4  

a 180 bar H2, 2 h. 
b without the NiMo/Al2O3 catalyst. 
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% for birch Kraft lignins. The amount of solid residue produced after the 
reaction was however lower for pine Kraft lignin (4 wt%) than orga-
nocell and birch Kraft lignins (7 wt%). The study demonstrated that the 
sulfided catalyst could efficiently depolymerize the lignins to monomers 
under solvent free conditions at least in laboratory scale (70 g of lignin). 

Later, a comparative study of sulfided NiMo on two different sup-
ports including activated carbon (AC), and MgO-La2O3 oxide was 
attempted under solvent-free conditions [161]. The sulfided NiMo/AC 
gave 55 wt% yields (350 ◦C, 100 bar of H2, 4 h) to the dichloromethane 
soluble fraction (average molecular weight being 700 g/mol) with only 
9 wt% yields to the solid residue. The monomers in this fraction were 
largely composed of alkyl phenolics and aromatics. The NiMo/MgO--
La2O3 gave 48 wt% yields of the dichloromethane soluble fraction 
having an average molecular weight of 660 g/mol, however with 
12.7 wt% of the solid residue. The NiMo/AC catalyst was slightly more 
effective in producing low molecular weight fragments from the lignin 
during the depolymerization. The XRD of NiMo/MgO-La2O3 after the 
reaction showed NiS, Ni3S4, and MoS phases on the catalyst, indicating 
its sulfidation state after the reaction (Fig. 18). Only a negligible 
decrease in the surface area (from 29 to 23 m2/g) and pore volume (from 
0.16 to 0.14 cm3/g) was observed between the fresh and used catalysts. 
However, an increase in particle size from 4.3 to 15.7 nm of the sup-
ported NiMo occurred after the reaction (Fig. 18), probably due to the 
severity of the experimental conditions and due to the low heat 
dispersion effect under solvent-free conditions. 

4.4. Other sulfided catalysts 

4.4.1. Unsupported catalysts 
The main active component of the supported sulfided Ni(Co)Mo/ 

Al2O3 catalyst is the MoS2 phase wherein Ni and Co act mainly as pro-
moters and Al2O3 acts as a dispersing medium. The unsupported form of 
sulfided catalysts has the advantage that they could be synthesized in 
different morphologies and compositions. Moreover, the unsupported 
MoS2 can offer more sulfur vacancies at the edge of its slabs. 

Unsupported sulfided catalysts were also studied in lignin depolymer-
ization. Li et al., synthesized MoS2, and MoS2-based composite catalysts 
(MSx/MoS2, M = Ni, Co, Ag) with a flower morphology (Fig. 19a-d) for 
lignin (corn stover) depolymerization [163]. A bio-oil yield of > 78 wt% 
(310 ◦C, 25 bar H2, 1 h) was obtained over MoS2. The performance of 
other sulfided catalysts (NiS2, CoS2, and Ag2S) was inferior (< 65 wt% 
yields) to that of MoS2. A significant improvement in bio-oil yield 
(>85 wt%) was obtained when the composite catalysts NiS2/MoS2, and 
CoS2/MoS2 were used (5 wt% of MS2). The enhancement in the catalytic 
activity of MoS2 when other metal sulfide components were present was 
explained by the Edge Decoration (ED) model. Characterization studies 
showed that the parent MoS2 had the typical layer structure where the 
edges of the layers are wedge-shaped providing the hydrogenation sites. 
When NiS2 and CoS2 were present, the layer structure of MoS2 became 
more curved and less stacked, increasing the amount of potential 
surface-active sites. This was in conjunction with the enhancement in 
the surface area of MoS2 (5 m2/g) when NiS2 and CoS2 were present (6 
and 15 m2/g for NiS2/MoS2 and CoS2/MoS2 catalysts, respectively). 
According to the ED model, the NiS2 weakened the Mo-S bond, thereby 
promoting the breakage of the Mo-S bond for the generation of S va-
cancies (active site for hydrogenation). Further comparison of MoS2 
with FeS2 and CuS showed the activity trend for bio-oil production as 
(250 ◦C, 1 h, no H2 pressure) MoS2 (82 wt%) > CuS (65 wt%) > no 
catalyst (53 wt%) > FeS2 (37 wt%) [164]. 

Another unsupported sulfided catalyst reported for lignin depoly-
merization is VS2 where different morphologies of catalyst (sheets and 
nanoflowers) were compared (Fig. 19 e-h) [165]. When VS2 sheets were 
used, the lignin conversion was at about 77 wt% with 59 wt% yields to 
the bio-oil (250 ◦C, 20 bar of H2, 1.5 h). The solid residue amount 
accounted for nearly 22 wt% yields. The use of VS2 nanoflowers 
decreased the conversion (65 wt%) and bio-oil yield (50 wt%) and 
increased the solid residue amount (35 wt%). The flower morphology 
imparted steric hindrance to the reactant and eventually decreased its 
catalytic performance. According to the proposed mechanism, the H 
atoms from thermally broken H2 molecules adsorbed on the VS2, leading 

Fig. 18. XRD (top panel) of fresh oxide NiMo/MgO-La2O3 and after the reaction showing sulfide phases. SEM images (bottom panel) of oxide NiMo/MgO-La2O3, (A) 
before and (B) after reaction showing particle agglomeration [161]. C. R. Kumar, N. Anand, A. Kloekhorst, C. Cannilla, G. Bonura, F. Frusteri, K. Barta, and H. J. 
Heeres, Green Chem., 2015, 17, 4921–4930, reproduced by permission of The Royal Society of Chemistry. 

Y.W. Cheah et al.                                                                                                                                                                                                                               



Journal of Environmental Chemical Engineering 11 (2023) 109614

23

to the formation of -VH and -SH bonds. These bonds were unstable and 
could undergo breakage to form the VS2 catalyst, meanwhile trans-
ferring the hydrogen to the unsaturated reactant molecule. 

4.4.2. Supported catalysts 
Narani et al. [166] found better results with sulfided a NiW/AC 

catalyst than NiMo/AC catalyst for the hydrotreatment of Kraft lignin in 
supercritical methanol (320 ◦C, 35 bar of H2, 8 h). Two fractions 
(methanol and dichloromethane soluble fractions) of liquid products 
were identified. The methanol soluble oil was composed of aromatic 
monomers and low molecular weight (500 g/mol) oligomers, and the 
dichloromethane soluble fraction was composed of solely high molec-
ular weight (2725 g/mol) oligomers. When sulfided NiMo/AC was used, 
a 57 wt% yield to the methanol soluble oil was obtained. Only a trace 
amount of char was formed over the catalyst. The performance of sul-
fided CoMo/AC was inferior to that of the NiMo/catalyst (41 wt% yield 
to methanol soluble oil with 9 wt% yield to char), possibly due to the 
increase in acidity of the catalyst when Ni was replaced with Co. Sul-
fided NiW/AC increased the methanol soluble oil yield to 82 wt% with 
no concurrent char formation. The acidity of the sulfided NiW/AC 
catalyst was even lower than NiMo/AC and was ascribed to the reason 
for the increase in the product yield (18.4 versus 44.5 µmolg− 1 of NH3 
adsorption). Over the non-sulfided NiW/AC catalyst, substituted 
guaiacols were the predominant product. Sulfidation improved the ac-
tivity towards deoxygenation (involving removal of -OCH3) leading to 
more phenols. By prolonging the reaction time from 8 to 24 h up to 
35 wt% yield to monomers was obtainable. Nonetheless, this longer 
reaction time did not lead to over-hydrogenated compounds, high-
lighting the selectivity of the catalyst for phenols. The effect of different 
supports such as acidic ZSM-5, and basic MgO–La2O3, MgO–CeO2, and 
MgO–ZrO2 were also investigated for the depolymerization. Their per-
formance was inferior to that of AC. The MgO–La2O3 (291 μmolg− 1 of 
CO2 adsorption, the highest of all basic supports) gave similar results 
like NiW/AC. Different characterization techniques were used to 
analyze the structure and composition of the used catalysts. XRD of the 
spent NiW/AC catalyst showed peaks corresponding to WS2 and Ni3S2 
phases, indicating its sulfided state. In support of this, the EDX analysis 

of the spent catalyst showed 2 wt% of sulfur on it, which was homoge-
neously distributed. Morphological analysis of the spent catalyst by TEM 
confirmed the preservation of its spherical morphology (Fig. 20a), 
however, particle agglomeration was observed. The catalyst was in its 
active state even after a long reaction time of 24 h, indicating its high 
stability for longer reaction runs. 

Another important factor that affects the activity and stability of a 
sulfided catalyst during lignin hydrotreatment is the impurities in the 
lignin. Recently, our group has reported the role of inorganic impurities 
of a commercial Kraft lignin (Na, K, Ca, Fe, etc.,) on the activity of 
sulfided NiMo/Al2O3 catalyst [7]. These impurities in the lignin come 
from the Kraft pulping process which uses reagents NaOH and Na2S, and 
from the source wood. These inorganic impurities were deposited on the 
catalyst during the depolymerization, of which the major impurity 
element was the Na because of its higher amount in the lignin. Condi-
tional studies using poisoned catalyst showed that at lower loadings of 
individual inorganic impurities, their promotor effect was prominent 
(the monomer yields were higher than in their absence on the catalyst, 
Fig. 20b). However, at their higher loadings, their poison effects were 
dominant. When all these elements were present together on the cata-
lyst, their poisoning effect was much stronger. The number of moles of 
impurities, their strength, and their synergism were the main factors 
responsible for the catalyst deactivation. 

In summary, both supported and unsupported sulfided catalysts have 
been used for the hydrotreatment of various lignins. Supporting the 
metal sulfide active phase on various metal oxides (Al2O3, MgO–La2O3, 
etc.) is helpful for its high dispersion. On the other hand, the unsup-
ported catalysts have the advantages that they can be synthesized in 
different morphologies and compositions to tune the activity. But, the 
unsupported catalysts are prone to particle agglomeration (increase in 
their crystallite sizes) under long heat treatments. Supported sulfided 
catalysts were employed to study process modifications in lignin 
hydrotreatments. The catalysts showed good adaptability in batch, semi- 
continuous, and solvent-free lignin hydrotreatments. The deactivation 
of the sulfided catalyst occurs mainly through the removal of lattice 
sulfur atoms, and through the deposition of impurities from the feed-
stock. The latter is a common mode of deactivation in most catalytic 

Fig. 19. (a) & (b) SEM and TEM images of NiS2/MoS2, (c) & (d) SEM and TEM images of CoS2/MoS2 [164], (e) & (f) SEM images of VS2 nanosheets, and (g) & (h) 
SEM images of VS2 nano flowers [165]. Reprinted (adapted) with permission from Q. Tian, N. Li, J. Liu, M. Wang, J. Deng, J. Zhou, and Q. Ma, Energy Fuels, 2015, 29, 
255–261. Copyright (2015) American Chemical Society. 
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processes and can be solved by using impurity-free feedstocks. A crucial 
factor governing the stability of sulfided catalysts is the sulfidation state 
of the catalyst. During deoxygenation reactions, there is a high risk that 
the removed oxygen atoms could substitute the lattice sulfur atoms, 
decreasing the sulfur vacancies and sulfidation state of the catalyst. The 
H2 gas used in the hydrotreatment could also remove some fraction of S 
as H2S. In these circumstances, a simple re-sulfidation of the catalyst can 
regenerate its sulfidation state and restore the activity. Another method 
to maintain the sulfidation state of the catalyst is to provide a continuous 
supply of sulfur sources during the hydrotreatment. The use of lignins 
containing a significant amount of sulfur (e.g, Kraft lignin) has the 
advantage of maintaining the sulfidation state of the catalyst longer than 
the use of sulfur-free lignins (e.g, hydrolysis lignin). 

5. Kinetic modeling studies based on metal sulfide catalysts 

The kinetics for deoxygenation of oxygenates presented in biomass- 
derived oils have been studied using model compounds and real feed-
stocks in the currently reported literature. The subject remains impor-
tant as it allows a better understanding of the reaction mechanisms, and 
the function of catalysts and it facilitates the upscaling of the reaction 
process. The approach for kinetic modeling studies, for lab-scale level 
research, involves the construction of mathematical expressions for the 
mass and heat transfer phenomena, in some cases phase equilibrium, 
and further develops the kinetic model based on a lumped or molecular- 
based approach depending on the complexity of the feedstocks. The 
following section discusses the kinetics of HDO reactions for tri-
glycerides, phenolics, lignin, and biomass-derived oils over metal 
sulfides. 

5.1. Kinetics for the HDO of triglycerides 

A kinetic study based on a sulfided CoMo/Al2O3 catalyst for the 
hydrotreatment of a mixture of 10 wt% cottonseed oil with desul-
phurized diesel to produce renewable diesel has been reported by Sebos 
et al. [78] A plug flow approximation for the reactor was considered to 
study the kinetics of the HDO of the triglycerides of the feedstock. 
Overall kinetics were presented including the influence of internal mass 
transfer resistance. The first-order reaction kinetics was presented with 
the reaction rate constant (kHDO)calculated as: 

kHDO = − ln(1 − x) • ṁ/mcat  

where x is the conversion, ṁ is the mass feed (a mixture of 10 wt% of 
refined cottonseed oil in desulfurized diesel (S < 50 ppm)) and mcat is 

the mass of the catalyst. The experimental conversion values were 
plotted with the one proposed by the model to estimate the goodness of 
the model as shown in Fig. 21A). 

A pseudo-first-order lump-type kinetic model was developed by 
Sharma et al. to study the deoxygenation of triglycerides (jatropha oil) 
over mesoporous titanosilicate (MTS) supported sulfided CoMo catalyst 
to determine the triglyceride conversion pathway at 300 ℃ and 320 ℃ 
[167]. The best-fitted model showed that the triglycerides were con-
verted not only to deoxygenated (C15 – C18) and oligomerized (> C18) 
products but also were directly cracked to lighter (< C9) and middle (C9 
– C14) range hydrocarbons (as shown in Fig. 21B). Among all, the oli-
gomerized product formation rate is the highest at these temperatures 
from the triglycerides (Table 7). 

A recent study on the reaction kinetics based on the hydro-
deoxygenation of stearic acid (SA) was reported by Arora et al. over a 
sulfided NiMo/γ-Al2O3 catalyst [59]. A Langmuir-Hinshelwood (LH) 
type kinetic model was developed that showed good agreement with the 
experimental variation of selectivities with different reaction conditions. 
In their work, a simplified pathway for HDO of SA is shown (Scheme 2) 
and the LH type rate expressions used are presented in Table 8. The 
reaction scheme includes intermediates like octadecanal (C18 =O) and 
octadecanol (C18-OH) and explains the selectivity for the three major 
reaction routes (decarboxylation, decarbonylation, and direct-HDO). A 
single catalytic reaction site was considered here and hence an SA in-
hibition term is included in all the rate expressions. The presented re-
sults show that the model can predict well the increase in the conversion 
rate of stearic acid with the increase in temperature. The key in their 
work was that a phase equilibrium model was used to predict the 
saturation concentration of H2 in the liquid phase which depends on the 
reaction temperature. It was assumed in their study that the gas-liquid 
transport was fast compared to the rate of reaction and hence allowed 
the activation energies for the reactions to be predicted. The model 
could also predict well the conversion and selectivity with variations in 
residence time, pressure, and feed concentration [59]. 

Hočevar et al. explored the kinetics of HDO using model compounds 
involving primary/secondary alcohol (1-hexanol), aldehyde (hexanal), 
methyl ester (methyl hexanoate), ether (dihexyl ether), carboxylic acid 
(hexanoic acid) [168]. Based on the kinetics constants and activation 
energies obtained from mathematical modeling and DFT calculation, it 
was observed that the primary alcohol is more resistant to HDO which 
undergoes a dehydration reaction to form ethers at the studied condi-
tions. The secondary alcohol follows the typical path like that one 
highlighted in Scheme 2. Interestingly, experiments with a high initial 
concentration of aldehyde (hexanal) led to a parallel aldol condensation 

Fig. 20. a) TEM images of NiW/AC catalyst (a) before, and (b) after the reaction at 320 ◦C, 35 bar of H2, 8 h [166]. A. Narani, R. K. Chowdari, C. Cannilla, G. Bonura, 
F. Frusteri, H. J. Heeres, and K. Barta, Green Chem., 2015, 17, 5046–5057, reproduced by permission of The Royal Society of Chemistry. b) The role of impurities of 
Kraft lignin on the activity of sulfided NiMo/Al2O3 catalyst during depolymerization (345 ◦C, 45 bar H2, and 8 h) [7]. J. Sebastian, Y.W. Cheah, D. Bernin, D. 
Creaser, L. Olsson, Catalysts, 11, 2021, 874, reproduced by permission of MDPI. 
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reaction (C-C coupling to C12 hydrocarbon) in addition to the deoxy-
genation reaction (C6). However, the products of the aldol condensation 
reaction were not noticed for HDO of any other model compounds owing 
to its very low concentration and high reactivity for hydrogenation 
[168]. 

5.2. Kinetics for the HDO of phenolics 

The kinetic analysis of the HDO of phenolic compounds dates back to 
1987 when Gevert et al. [169] studied the reaction kinetics of 4-methyl-
phenol HDO over a sulfided CoMo/Al2O3 catalyst and concluded that 
the HDO reaction of methyl-substituted phenols can occur through two 
independent pathways, one forming aromatic products (by direct 

Fig. 21. A) Conversion of ester w.r.t. WHSV for 10 wt% 
cottonseed oil in desulphurized diesel at P = 30 bar, PH2S 
= 1 vol%, catalyst mass = 5 g for (a) T = 305, (b) T = 320 
and (c) T = 335 ℃ respectively [78]. This article was 
published in Fuel, I. Sebos, A. Matsoukas, V. Apostolo-
poulos, and N. Papayannakos, Catalytic hydroprocessing of 
cottonseed oil in petroleum diesel mixtures for production 
of renewable diesel, Fuel, 2009, 145–149, Copyright 
Elsevier (2009). B) Triglyceride conversion pathway over 
CoMo/MTS catalyst [167]. This article was published in 
Catal. Today, R. K. Sharma, M. Anand, B. S. Rana, R. 
Kumar, S. A. Farooqui, M. G. Sibi, and A. K. Sinha, 
Jatropha-oil conversion to liquid hydrocarbon fuels using 
mesoporous titanosilicate supported sulfide catalysts, 
Catal. Today, 2012, 314–320, Copyright Elsevier (2012).   

Table 7 
Kinetic rate constants for possible reaction network in the conversion of tri-
glycerides over CoMo/MTS catalysts [167].  

Parameter 300 ℃ Parameter 320 ℃  

Value Error 
(%) 

R2  Value Error 
(%) 

R2 

kˊ  7.39  0.47  0.97 kˊ  14.35  1.63  0.99 
k1  0.03  0.25  - k1  0.04  0.47  - 
k2  0.02  0.25  - k2  0.11  0.47  - 
k3  0.07  0.25  - k3  1.24  0.48  - 
k4  7.27  0.34  - k4  13.25  1.17  -  

Scheme 2. Simplified reaction scheme (HDO of stearic acid) for a kinetic model [59]. This article was published in Chemical Engineering Journal, P. Arora, E. L. 
Grennfelt, L. Olsson, and D. Creaser, Kinetic study of hydrodeoxygenation of stearic acid as a model compound for renewable oils, Chem. Eng. J., 2019, 376–389, 
Copyright Elsevier (2019). 
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deoxygenation of phenol, DDO) and the other naphthenic products (ring 
hydrogenation followed by deoxygenation of saturated or partially 
saturated phenols to cycloalkanes, HYD). No oxygen-containing prod-
ucts were detected. The rate-limiting step in path 1 has been considered 
as the C-O bond cleavage and that in path 2 as the hydrogenation of 
phenol’s aromatic ring [169]. 

The reaction network is shown in Scheme 3 A) where (a) represents 
4-methylphenol, (b) is toluene, and (c) represents methylcyclohexane 
plus methylcyclohexene. The authors also calculated that the adsorption 
constant for path 1 is twice as large as that of path 2. This indicated that 
the two reaction paths proceed on two different types of active sites. The 
poisoning effect of H2S on such HDO reactions was also studied which 
showed that H2S strongly suppresses toluene formation from path 1 
whereas it hardly affects path 2, which supports their hypothesis that the 
two paths occur on two different catalytic active sites [169]. However, it 
was worth highlighting that authors tend to explain the deoxygenation 
pathways in different ways. For instance, in the study conducted by 
Wang et al. [112], they considered that the adsorption scheme of 
p-cresol on the sulfided catalyst surface differed between the deoxy-
genation paths. 

Later the effects of methyl substituents of methyl-substituted phenols 
on the HDO reaction over a sulfided CoMo/Al2O3 catalyst were studied 
by Simons and co-workers [97]. They also investigated the relationship 
between the relative reactivities of the methyl-substituted phenol spe-
cies and the intrinsic properties of the reactant determined from elec-
tronic structure calculations. These properties include the electrostatic 
potential in the reactant molecules and also the electron-binding en-
ergies of various molecular orbitals. The reaction data were analyzed 
using Langmuir-Hinshelwood (LH) kinetics to determine the adsorption 
and rate constants leading to the two independent aromatic and cyclo-
hexane paths. 

The following LH equations were considered here: 

∂A
∂τ = −

k1KAA + k2KAA
(1 + C0KAA)n (1)  

∂B
∂τ =

k1KAA
(1 + C0KAA)n (2)  

∂C
∂τ =

k2KAA
(1 + C0KAA)n (3)  

where the mole fractions of the methyl-substituted phenolic feed (A), the 
aromatic benzene (B), and the cyclohexane and cyclohexene (C) formed 
from two different pathways as discussed above [169]. 

KA= equilibrium constant when A is adsorbed on the catalyst sur-
face. 

k1= rate constant for the formation of the aromatic product (DDO 
pathway). 

k2= rate constant for the formation of hydrocarbon products (HYD 
pathway). 

C0= feed concentration of A. 
τ= space-time variable and n = order of inhibition. 
The kinetic analysis of their work showed that the optimal n 

parameter in Eqs. (1), (2), and (3) was n = 2, which resulted in the best 
fit of the data. This result has been interpreted as the reactions for both 
pathways involving an adsorbed species and an active site. The 
assumption of having only one adsorption site, KA was also examined by 
applying two separate adsorption constants, KB and KC, for each reaction 
with modified Eqs. (1), (2), and (3). Their results from the regression 
analysis demonstrated that both KB and KC constants were identical and 
within the experimental errors, which is the equivalent to a single value 
(KA). Hence, a single catalytic site was considered to be present for both 
reaction pathways due to the same adsorption constant being calculated. 

Fig. 22A (a) shows the variation of the adsorption constant 
depending on the location of the methyl groups. The k1 rate constant 
leading to the aromatic products is the lowest for phenols and highest for 
3,5-DMP (Fig. 22A (b)). The k2 rate constant for the aromatic ring hy-
drogenation path shows a different trend from k1. k2 seems to drop 
significantly with the methyl group in position 2 (Fig. 22A (c)). Overall, 
from Fig. 22 the authors showed significant variations in the adsorption 
and rate constants as the location and number of the substituent methyl 
groups varied [97]. A correlation between the derived adsorption, rate 
constants, and molecular parameters is also studied in this work. 

A kinetic study of guaiacol (GUA) conversion over a ReS2/SiO2 
catalyst using an LH kinetic model was studied by Leiva et al. [170]. 
They observed two different kinds of active sites for the guaiacol con-
version over ReS2/SiO2 and dissociative adsorption of hydrogen was 
considered. The two active sites are the metal ion vacancy (M) and the 

Table 8 
Reactions and rate expressions for the HDO of SA [59].   

Reaction Rate expression 

r1 C18H36O2 + H2 -> C18H36O + H2O r1 =
k1CSACH2

(1 + KSACSA)

r2 Decarboxylation 
C18H36O2 -> C17H36 + CO2 

r2 =
k2CSA

(1 + KSACSA)

r3 Direct-HDO 
C18H36O + H2 -> C18H37OH r3 =

k3CC18=OCH2

(1 + KSACSA)

(

1 −
aC18OH

aC18=OaH2Keq

)

r4 Decarbonylation 
C18H36O -> C17H36 + CO 

r4 =
k4CC18=O

(1 + KSACSA)

r5 C18H37OH + H2 -> C18H38 + H2O r5 =
k5CC18OH

(1 + KSACSA)

Scheme 3. A) Simplified reaction paths for HDO of 4- 
methylphenol [169]. This article was published in 
Applied Catalysis B: Environmental, S. Gevert, J. Otter-
stedt, and F. Massoth, Kinetics of the HDO of 
methyl-substituted phenols, Applied Catalysis, 1987, 
119–131, Copyright Elsevier (1987). B) Reaction network 
of the deoxygenation of m-cresol isomers over sulfided 
catalysts [170]. This article was published in Applied 
Catalysis A: General, K. Leiva, C. Sepulveda, R. Garcia, D. 
Laurenti, M. Vrinat, C. Geantet, and N. Escalona, Kinetic 
study of the conversion of 2-methoxyphenol over sup-
ported Re catalysts: Sulfide and oxide state, Applied 
Catalysis A: General, 2015, 505, 302–308, Copyright 
Elsevier (2015).   
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sulfur stable ion (X2- ⎼M). The rate-determining step considered here was 
the H+ attack on the oxygen of the methoxy group. The reactions 
considered for the model are as follows: 

Adsorption of GUA: 

GUA+M ↔ GUA − MEquilibriumKGUA (4) 

Hydrogen dissociative adsorption: 

H2 +M +X2− − M ↔ H− − M +H+ − X2− MEquilibriumKH2 (5) 

Addition of H⎼: 

GUA − M +H− − M ↔ GUAH− − M +MEquilibriumK3 (6) 

Addition of H+: 

GUAH− − M + H+ − X2− − M→Ph + MeOH + 2M Rate constant K4 (7) 

The rate expression used here is: 

1
rGUA

=
1

kGUACH2
+

1
kGUAKGUACH2CGUA

(8) 

Fig. 22B clearly shows the goodness of fit of the model (Eq. (8)) 
which follows a linear behavior. This result indicates the presence of two 
different active sites on the sulfided catalyst. The authors also showed 
that this kinetic model did not fit well the catalytic activity of ReOx/SiO2 
(shown in the inset in Fig. 22B) suggesting that ReOx/SiO2 followed a 
different pathway for the conversion of GUA [170]. 

The HDO of cresol isomers over sulfided Mo/Al2O3 and CoMo/Al2O3 
was investigated by Gonçalves et al. [171]. They reported that over both 
catalysts the reactivity of cresols follows the order: m-cresol > p-cresol 
> o-cresol. The kinetic analysis of the HDO of m-cresol was studied in 
this work and the role of cobalt on the HDO of three cresols was 
investigated [171]. 

Scheme 3B shows that the HDO of cresols follows two independent 
pathways. The desired direct deoxygenation (DDO) pathway forms 

toluene (TOL) (strongly promoted by Co), whereas, the hydrogenation 
(HYD) route forms methylcyclohexene (MCHe) and methylcyclohexane 
(MCH) (not affected by Co). A pseudo-first-order reaction kinetic model 
was assumed to apply for the reactions. kDDO and kHYD are the kinetic 
rate constants for the DDO and the HYD pathways respectively, k

′

HYD is 
the intrinsic rate constant for the hydrogenation of methylcyclohexene 
to methylcyclohexane, CTOL, CMCHe and CMCH represent the molar con-
centrations of toluene, methylcyclohexenes, and methylcyclohexane 
[171]. 

CCRE = CCRE,0.e− kHDO .τ (9)  

CTOL =
CCRE,0.kDDO

kHDO

(
1 − e− kHDO .τ

)
(10)  

CMCHe =
CCRE,0.kHYD

kHDO − k′

HYD

(
e− k

′

HYD .τ − e− kHDO .τ
)

(11)   

CMCH=CCRE,0
(
1− e− kHDO .τ

)
−

kDDO

kHDO

(
1− e− kHDO .τ

)
−

kHYD

kHDO − k′

HYD

(
e− k

′

HYD .τ − e− kHDO .τ
)

(12) 

The selectivity of each product i (in mol%) can be calculated from 
Eqs. (10)–(12) as: 

Si =
Ci

CCRE,0 − CCRE
× 100 (13) 

Fig. 23 shows that the experimental data points and those predicted 
by the model fit well for the selectivity of products as a function of the 
conversion of m-cresol validating the model. It has been shown from the 
values of the rate constants that the hydrogenation of methylcyclohex-
ene to methylcyclohexane was 2.9 times higher over CoMo/Al2O3 when 
compared to Mo/Al2O3, showing that Co acts as a promoting agent 

Fig. 22. A) Effect of methyl position on (a) adsorption constant, (b) rate constant, k1 and (c) rate constant, k2 for the HDO of methyl-substituted phenols [97]. 
Reprinted (adapted) with permission from F. E. Massoth, P. Politzer, M. C. Concha, J. S. Murray, J. Jakowski, and J. Simons, J. Phys. Chem. B, 2006, 110, 
14283–14291. Copyright (2006) American Chemical Society. B) Linearization of the kinetic Model for ReS2/SiO2 catalyst. Inset: linearization of the kinetic model for 
ReOx/SiO2 catalyst [170]. This article was published in Applied Catalysis A: General, K. Leiva, C. Sepulveda, R. Garcia, D. Laurenti, M. Vrinat, C. Geantet, and N. 
Escalona, Kinetic study of the conversion of 2-methoxyphenol over supported Re catalysts: Sulfide and oxide state, Applied Catalysis A: General, 2015, 505, 302–308, 
Copyright Elsevier (2015). 
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improving the hydrogenating properties of molybdenum sulfide [171]. 
Further, the promotional effect of isolated Co atoms decorated on 

monolayer MoS2 sheets (sMoS2) was studied by Liu et al. [172]. A kinetic 
study was developed for the conversion of 4-methylphenol to toluene 
and it was demonstrated that cobalt immobilization on the MoS2 
monolayer (Co- sMoS2) showed a 34 times higher rate 
(396.4 ml s− 1molMo

− 1) when compared to non-promoted sMoS2 
(11.7 ml s− 1molMo

− 1) at 30 bar and 300 ◦C (Fig. 24a). The activity order 
shows: Co- sMoS2 >

sMoS2 >
FMoS2 > bulk MoS2. FMoS2 stands for 

few-layer MoS2. It was also shown that the incorporation of single Co 
atoms on the basal planes of sMoS2 facilitates the formation of more 
basal sulfur vacancy sites during hydrogen activation at 300 ◦C that 
enhances the activity of the Co-doped monolayer MoS2 for the HDO of 
4-methylphenol. The rate of the HDO reaction was calculated consid-
ering a pseudo-first-order reaction (Eq. (14)) [172]: 

ln(1 − x) = − kCcatt (14) 

k = pseudo first order reaction constant (ml s− 1 mol− 1). 
x = conversion of 4-methylphenol. 
Ccat = concentration of catalyst under reaction system. 
t = reaction time (s). 
Recent work by Cheah et al. investigated the role of transition metals 

(Ni, Cu, Zn, Fe) on γ-Al2O3 supported MoS2 for the HDO of pro-
pylguaiacol (PG) [173]. In this work, the authors developed a kinetic 
model considering the reaction network to elucidate the reaction 
pathway of demethoxylation and dihydroxylation of PG. The experi-
mental results were nicely fitted to the model, thus validating the model. 
Initially, the authors developed a simplified pseudo-first-order kinetic 
model to fit the kinetic data for the HDO of PG considering the route: A 
= 4-propylguaiacol → B = 4-propylphenol → C = propylbenzene → D 
= propylcyclohexane as shown in Fig. 24b). However, this simple ki-
netic model could not fit the experimental results well as shown in 
Fig. 24b), because it did not take into consideration any of the side 

reactions. Thereafter, another model was proposed taking into consid-
eration all the main side reactions, including intermediates and re-
actants. The fit for the reaction kinetics for all the catalysts improved 
with this modified model with over a 90% coefficient of determination 
[173]. More importantly, their work also provided a means of evaluating 
how the promoters (Ni, Fe, Zn, and Cu) for MoS2/Al2O3 influenced the 
product selectivity for different pathways and eventually the products of 
the reaction with the aid of the kinetic model. Their results suggested 
that Ni is a promoter for the Mo catalyst while doping metals such as Fe, 
Zn, and Cu acted as inhibitors for the formation of deoxygenated 
cycloalkanes. On the other hand, both Zn and Fe had a negative impact 
on the HDO activity for PG but changed the selectivity towards aro-
matics like propylbenzene at full conversion. 

5.3. Kinetics for the HDO of lignin and biomass-derived oil 

Due to the complex nature of lignin, a typical hydrotreatment 
experiment produces a broad spectrum of especially liquid phase 
products. The kinetic modeling for the hydrotreatment of a feedstock 
like lignin can be important to understand the complex series of re-
actions involved in the transformation of lignin, how they are influenced 
by operating conditions and catalyst properties, and eventually aid in an 
effective scale-up of a lignin hydrotreatment process. Pu et al. developed 
a kinetic model for lignin hydrotreatment over a CoMoS-supported 
catalyst in a semi-batch reactor using a lumped approach [174]. There 
were three main lumps divided further into product groups: lignin 
oligomeric residues (solid): (i) THF-insolubles, THF-solubles, and solu-
bilized oligomers; (ii) liquid product lumps: dimethoxyhenols, 
methoxyphenols, alkylphenols, catechols, alkanes ( < C13), alkanes ( ≥
C13), aromatics, naphthenes, and H2O; (iii) gas products lumps: CO2, CO, 
CH4 and C2-C6 (light hydrocarbon) with vj

i, the overall stoichiometric 
coefficient for component i in reaction j (Scheme 4). The model 
accounted for gas hydrodynamics which was characterized by Residence 
Time Distributions (RTD), liquid-gas mass transfer resistance, and 
vapor-liquid equilibrium effects with reactions (1) to (10) from Scheme 
4. This resulted in a model that fitted well with the obtained experi-
mental data [174]. The model results were able to well describe the 
main overall lignin depolymerization reactions and further deoxygen-
ation reactions of phenolic monomers in the liquid phase [174]. 

Reaction (1): THF-insolubles →k1 v1
TSB⋅THF-solublesB. 

Reaction (2): THF-solublesA +v2
H2

⋅H2 →K2 v2
TSB⋅THF-solublesB 

+ v2
CH4

⋅CH4 + v2
H2O⋅H2O + v2

C2C6
⋅C2 – C6. 

Reaction (3): THF solublesB + v3
H2

⋅H2 →
K3 v3

SO⋅Solubilized oligomers 
+ v3

CH4
⋅CH4 + v3

H2O⋅H2O + v3
C2C6

⋅C2 – C6 + v3
AP⋅Alkylphenols 

+ v3
AK1⋅Alkanes (< C13) + v3

AK2⋅Alkanes (≥ C13). 

Reaction (4): Solubilized oligomers →K4 v4
AP⋅Alkylphenols. 

Reaction (5): Dimethoxyphenols + v5
H2

⋅H2 →
K5 Alkylphenols + 2⋅H2O 

+ 2⋅CH4. 

Reaction (6): Methoxyphenols + v6
H2

⋅H2 →
K6 Alkylphenols + H2O 

+ CH4. 

Reaction (7): Methoxyphenols + v7
H2

⋅H2 →
K7 Catechols + CH4. 

Reaction (8): Catechols + v8
H2

⋅H2 →
K8 Alkylphenols + H2O. 

Reaction (9): Alkylphenols + v9
H2

⋅H2 →
K9 Aromatics + H2O. 

Reaction (10): Alkylphenols + v10
H2

⋅H2 →
K10 Naphthenes + H2O. 

Grilc et al. screened a series of catalysts covering the commercial 
NiMo catalysts in sulfided, oxide, and reduced form and other catalysts 
in the hydrotreatment of a solvolyzed biomass-derived oil [175]. A 
complex reaction pathway was proposed and followed by constructing a 
lumped kinetic model based on the quantified functional groups by 
Fourier transform infrared spectroscopy (FTIR) [175]. Among all the 

Fig. 23. Selectivity of (a) Mo/Al2O3 and (b) CoMo/Al2O3 during the trans-
formation of m-cresol (340 ◦C, 40 bar). Experimental points: toluene (filled 
square), methycyclohexene (filled diamond), and methylcyclohexane (filled tri-
angle); lines: calculated from the first-order kinetics model (Eqs. 9–13) [171]. 
Reprinted by permission from Springer, Catalysis Letters, Hydrodeoxygenation 
of Cresols Over Mo/Al2O3 Sulfided Catalysts, V. O. O. Gonçalves, S. Brunet, and 
F. Richard, 146, 1562–1573 (2016). 
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tested catalysts, the commercial sulfided NiMo catalyst was found to be 
suitable for yielding bio-oils with high gross calorific value. The authors 
also discovered that the unsupported bulk MoS2 resulted in high HDO 
activity and selectivity which is worth further investigation [175]. The 
same authors then extended their work by comparing the selectivity and 
activity of several synthesized and commercial unsupported Mo 

catalysts in oxide, carbide, and sulfide form, and also unsupported WS2 
nanotubes [176]. A similar lumped kinetic model was developed giving 
apparent kinetic constants that correspond to main reactions like 
hydrodeoxygenation (k1), decarboxylation (k4), decarbonylation (k3), 
dehydrogenation (k2), and hydrocracking of a solvolytic oil as shown in  
Scheme 5a) [176]. One of the observations was that the urchin-like 

Fig. 24. a) A kinetic study of the HDO of 4-methylphenol to toluene [172]. b) Concentration profiles for HDO of PG over NiMo catalyst at a total pressure of 50 bar 
and 300 ◦C. The solid line denotes the modeling results (simplified model) and the symbols correspond to the experimental values. c) Proposed reaction routes of the 
HDO of PG over sulfided catalysts [173]. Y. W. Cheah, M. A. Salam, P. Arora, O. Öhrman, D. Creaser, and L. Olsson, Sustainable Energy Fuels., 2021, 5, 2097–2113, 
reproduced by permission of The Royal Society of Chemistry. 

Scheme 4. Catalytic hydrotreatment of straw soda lignin over CoMoS supported catalysts [174].  
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MoS2 possessed the highest k1 value among all other unsupported sul-
fided catalysts which corresponds to the removal of the hydroxyl group 
in the form of water. While the decarbonylation, decarboxylation, and 
hydrocracking reactions occurred to a lesser extent using the unsup-
ported materials which could be explained by the absence of the use of 
an acidic catalyst support that can cleave the C-C linkages [176]. 

Grilc et al. also studied the simultaneous liquefaction and hydro-
treatment of biomass (Sawdust samples like beech, fir, and oak) over a 
sulfided catalyst (NiMo on alumina), a reduced Pd on alumina catalyst, 
and zeolite Y. Emphasis was placed on studying the effect of different 
process parameters like time, pressure, temperature, wood, and solvent 
type. The yield and product composition from the simultaneous re-
actions were identified and correlated to a lumped kinetic model ac-
counting for liquefaction, decarboxylation, decarbonylation, HDO, and 
char formation reactions as shown in Scheme 5a). Their modeling results 
showed that reaction temperature played an important role in the 
liquefaction and HDO of biomass. The increase in reaction temperature 
from 300◦ to 350◦C resulted in a 2.5-fold higher yield for HDO products, 
while the solid residue yield decreased by 39%. However, when the 
reaction temperature is increased over 350 ◦C, a lower oil yield was 
achieved which was mainly attributed to an increased formation of char 
[177]. Also, in their work, sulfided NiMo on alumina was found to 
achieve higher oil yield as compared to the noble metal Pd on alumina. 

6. Deactivation of metal sulfide catalysts 

Common pathways for catalyst deactivation include poisoning, 
coking, sintering, fouling/physical blockage, leaching or vapor 

formation, and solid-state transformations [178]. Based on the litera-
ture, it can be deduced that metal sulfide catalysts used for upgrading 
renewable feedstocks can lose activity due to loss of sulfur, impurities 
present in renewables, evolved products, coking, and sintering of the 
active phase [48,179–182]. 

Since bio-based renewables have high oxygen contents, often sul-
fides catalyst loses sulfur through a sulfur-oxygen exchange during 
HDO. Such an exchange more easily takes place on sulfur edges over 
unpromoted MoS2 than the promoted sites (in the case of CoMoS) in the 
presence of a high H2O partial pressure as observed via combined CO 
adsorption and IR studies during HDO of 2-ethyl phenol [179]. The 
authors also demonstrated via DFT that in the presence of a large 
amount of water the exchange is stronger and irreversible over MoS2 
while Co promotion makes the catalyst more water tolerant and enables 
the poisoning to become more reversible. Hence, a continuous supply of 
sulfiding agents (e.g., H2S) in the feed at a sufficiently low concentration 
can restore the catalytic activity, while an inhibition can occur at a 
higher H2S concentration [183]. Resulfidation of the catalyst can also 
restore its initial activity as has been demonstrated for a sulfided 
CoMo/Al2O3 catalyst while hydroprocessing 2-hydroxydiphenylme-
thane (250 ◦C, 155 bar, WHSV = 0.49 h− 1) [184]. It is often criticized 
that the addition of such agents will however contaminate the product 
oils. Since TMS catalysts, e.g. Ni/Co-promoted Mo/W sulfides are also 
highly active in hydrodesulfurization, the final product typically con-
tains only traces of sulfur. 

Bio-oil impurities depend on their source of production and prior 
pretreatment processes. Typical impurities include alkali, alkaline-earth 
metals (Na, K, Ca, Mg, etc.), phosphorus, sulfur, and nitrogen. 

Scheme 5. a) Reaction scheme for the upgrading of solvolytic oil over unsupported sulfide catalysts [176]. This article was published in Applied Catalysis B: 
Environmental, M. Grilc, G. Veryasov, B. Likozar, A. Jesih, and J. Levec, Hydrodeoxygenation of solvolysed lignocellulosic biomass by unsupported MoS2, MoO2, 
Mo2C, and WS2 catalysts, Appl. Catal. B Environ., 2015, 163, 467–477, Copyright Elsevier (2019). b) Proposed reaction mechanism for simultaneous liquefaction and 
hydrotreatment of biomass [177]. Copyright (2015) Wiley, used with permission from M. Grilc, B. Likozar, and J. Levec, Simultaneous Liquefaction and Hydro-
deoxygenation of Lignocellulosic Biomass over NiMo/Al2O3, Pd/Al2O3, and Zeolite Y Catalysts in Hydrogen Donor Solvents, ChemCatChem, 2015, 7, 
960–966, Wiley. 
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Irreversible K deactivation of NiMoS2/ZrO2 (K impregnated as KNO3 to 
the catalyst at a K/(Ni+Mo) molar ratio of 1) was attributed to the 
preferential occupation of edge vacant sites of the promoted MoS2 
during HDO of phenol and octanol [180]. Trap grease phospholipids also 
containing alkali metals were shown to cause severe deactivation of a 
commercial CoMoS/γ-Al2O3 catalyst via coking and severe pore plug-
ging while upgrading rapeseed oil [185]. Fe was found to preferentially 
block the Ni-promoted sites in NiMoS/γ-Al2O3 while upgrading fatty 
acids [48]. Bio-oil phospholipids having phosphate and choline moieties 
have also been shown to lower the activity of NiMoS/γ-Al2O3 during 
HDO of oleic acid [49]. Nitrogen-bearing compounds (e.g. amines, 
pyridines, quinolines, etc.) have been shown to cause the deactivation of 
TMS catalysts [186–188]. 

The presence of water in bio-oil or produced during HDO may in-
fluence the activity of TMS-based catalysts via oxidation of the sulfide 
phase or deterioration of the structure of the active phase [65]. Couman 
and Hensen et al. [52] reported that water had little influence on sul-
fided NiMo/ γ-Al2O3 below a concentration of 5000 ppm during HDO of 
fatty esters. Krause and co-workers reported that the inhibition effect of 
water can be compensated for by H2S during HDO of an aliphatic ester 
(methyl heptanoate) [65]. The decarboxylation route has been reported 
to be affected by H2O perhaps via keto-enol isomerization during HDO 
of fatty esters [52]. Support material used can also be affected by the 
water e.g. γ-Al2O3 reportedly transforms to its boehmite phases or poi-
sons the acidic sites [179]. The interaction of water with active sites may 
also lead to the formation of an inactive sulfate layer [179]. However, 
water may affect the HDO of phenolic compounds over metal sulfides to 
a varying extent [64,179]. The presence of a small amount of water 
(water/p-cresol molar ratio < 1) was found to increase the direct-HDO 
route of p-cresol to toluene while a high amount of water (water/-
p-cresol molar ratio > 1) significantly reduces the deoxygenation rate 
and toluene selectivity due to preferential occupancy of active sites 
[124]. Additionally, CO formed during HDO under reduction conditions 
can strongly inhibit the direct-HDO pathways owing to the lower 
adsorption energy of CO over metal sulfides (e.g., MoS2, CoMoS) [183, 
189]. 

Coking is one of the leading challenges to deal with for hydrotreating 
catalysis. TMS-based HDO catalysts may deactivate via carbonaceous 
deposits (reactive/soft or refractory/hard) formed either by physical or 
chemisorbed processes [190]. Such deposits arise from the undesired 
side reactions (e.g. cracking, aromatization, dehydrogenation, cycliza-
tion, condensation, etc.) involving adsorbed species/precursor mole-
cules (alkenes, aromatics, oxygenates, etc.). Condensation and 
rearrangement reactions typically play a major role in low-temperature 
coke deposition (<200 ◦C) while dehydrogenation and hydrogen 
transfer reactions lead to the formation of polyaromatic hydrocarbons 
(>350 ◦C) [191]. On the other hand, carbon species can be bonded to 
the active site via weak interaction [192] or can partially replace sulfur 
atoms at the edge sites of MoS2 in the form of a Mo-S-C bond in a 
MoS2− xCx phase [193]. The latter can be synthesized via the thermal 
treatment of MoS2 with a mixture of dimethyldisulfide in N2/H2 which is 
reported to stabilize the MoS2 crystallites with a smaller size (i.e., carbon 
species restricts the crystal growth) with lower stacking, thus enhancing 
the activity instead [194]. In addition, metal carbides (Co-C and Mo-C 
bonds) may form which may be observed by EXAFS analysis [192]. 

Catalyst/support combination is another critical parameter in 
determining the activity, selectivity, and coke formation. Unsupported 
TMS like MoS2 may undergo agglomeration [181,182] under reaction 
conditions which can be prevented in the presence of hydrogen and 
hydrocarbon feed [193]. It is important to note that sintering or 
agglomeration may occur through Ostwald ripening or coalescence to 
obtain higher thermodynamic stability which lowers the surface area 
and catalytic activity [195]. Segregation of the promoter (e.g. Ni/Co) 
[196,197] as sulfides (Co9S8/Ni3S2) may influence the catalyst deacti-
vation [182]. Acidity/basicity of the active phase or support materials 
can also play an important role [198] in aiding coke-forming reactions. 

Both Lewis acid sites (LAS) have a high affinity for basic precursors and 
Brønsted acid sites (BAS) via proton donation and carbonium cation 
formation may contribute to coke formation. BAS, in addition, promotes 
coupling/isomerization reactions [199]. The deactivation of MoS2 by 
phenolic compounds is indirect. The basicity of the phenolic compounds 
and their substituent nature gives different adsorption mechanisms as in  
Scheme 6a). Due to their basicity, they adsorb as phenolates on the 
acidic alumina support. If they are adsorbed closely to the MoS2, they 
could block the accessibility of other reactants for deoxygenation to the 
MoS2 active site, resulting in the deactivation of the whole catalyst for 
deoxygenation reactions [200]. In addition, the oxygenates that adsor-
bed on the sulfide phase reduce the active phases and cause catalyst 
poisoning [201]. Thermal instability and repolymerization reactions of 
phenolic compounds in bio-oil derived from fast pyrolysis and lignin 
lead to premature deactivation of the catalyst [202]. Recently, Kraft 
lignin impurities (Na, K, etc.) have been demonstrated to deactivate a 
sulfided NiMoS/Al2O3 catalyst especially at high loading as discussed 
above in Section 4.4.2 [7]. 

With a representative model compound, 2-hydroxydiphenylme-
thane, and using a sulfided CoMo/Al2O3 catalyst, a decline in the cata-
lytic activity was noticed after 20 h of reaction (250 ◦C, 155 bar, WHSV 
= 0.49 h− 1). But, a simple re-sulfidation of the catalyst restored its initial 
activity. The mode of deactivation of the CoMo/Al2O3 catalyst could be 
ascribed due to the loss of sulfur. Another interesting aspect of the 
CoMo/Al2O3 catalyst was revealed when 4-methyl guaiacol was used as 
the model compound. The char formation from this experiment was 
around 40 wt%, far less than the non-catalytic thermal reaction indi-
cating that the CoMo/Al2O3 catalyst had generated products with less 
char forming tendency. This observation is somewhat contrary to the 
previous reports where more char was formed in the presence of the 
catalyst [153]. However, the role of temperature/pressure in char for-
mation could not be neglected (vide supra). The deactivation of TMS 
catalysts while upgrading lignin/lignin-derived phenolic compounds 
has been discussed in Section 4. 

7. Theoretical studies and computational approaches to 
understand the application of TMS in deoxygenation 

Apart from the experimental approaches described in the previous 
section, computational approaches based on density functional theory 
(DFT) calculation, can also provide a better insight into the physi-
ochemical properties of the sulfided-based catalytic materials and their 
relationship with their observed reactivity in deoxygenation. The 
deactivation mode of the metal sulfides can also be understood through 
DFT calculation. For instance, recent work by Liu et al. investigated the 
detailed mechanism of the in situ and ex situ substitution of sulfur atoms 
in the active phase (Co(Ni)MoS edge) by oxygen atoms under the pres-
ence of water via the DFT [203]. The calculation was also performed for 
the energy change, Gibbs free energy evolution, and reaction coordi-
nation to gain an understanding of the water deactivation of Co(Ni)MoS 
under HDO conditions [203]. It was outlined in their work that, for in 
situ oxygen substitution, the oxygen atoms from water molecule occu-
pied the positions of the edge sulfur atoms; while for the ex situ substi-
tution, the water molecules occupied directly the unsaturated sites after 
the desorption of edge sulfur as hydrogen sulfide [203]. It was found 
that the substitution of sulfur atoms depends on the ratio of partial 
pressure between hydrogen and water, and also between hydrogen and 
hydrogen sulfide. Moreover, it was found that the CoMoS is more prone 
to water deactivation than NiMoS, and when compared to MoS2, both 
promoted Co(Ni)MoS showed better water resistance. Another recent 
study by Diao et al. used DFT calculations to demonstrate and validate 
that the Co-doped MoS2 and Mo-doped Co9S8 enhanced the vertical 
adsorption of oxygenates which further undergoes C-O cleavage of 
diphenyl ether (DPE) and were also able to avoid benzene ring hydro-
genation [204]. It was further shown that the Mo-doped Co9S8 surface 
promoted the adsorption and C-O bond activation in DPE. Besides, there 
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are also excellent reviews on the summary and studies of the application 
of the computational approach to study other catalyst systems such as 
transition metal phosphides (TMP) [205], transition metal catalysts 
[206,207], and transition metal sulfides (TMS) [208]. With this in mind, 
there is still a need to engage in theoretical studies that can disclose the 
reaction mechanisms in the complex catalytic reaction and strive to 
improve the existing catalyst systems, eventually aiding the selection 
and implementation of these catalysts into the complex refinery. 

8. Summary, challenges, and outlook 

Recently, the European Commission (EC) has published its ambitious 
legislative package ‘Fit for 55 targeting a 55% reduction in GHG emis-
sions by 2030 compared to the 1990 level [209]. The presented package 
provides tools to tackle the climate crisis, and different solutions taking 
sustainability into account must be endorsed and applied. Advanced 
biofuels play a key role in decarbonizing the transport sector. Therefore, 
many research efforts have been dedicated to the development of het-
erogeneous catalysts for application in advanced biofuel production in 
the past few decades. Metal sulfides remain the core catalysts in 
hydroprocessing industries as they are effective in the removal of het-
eroatoms such as sulfur, nitrogen, oxygen, halides, and metals. This 
review has emphasized the use of hydrotreating catalysts, metal sulfides 
in the valorization of triglyceride feeds, oxygenates in monomer and 
dimeric form, biomass-derived pyrolysis oil, and lignin feed. Besides the 
type of catalysts, the catalytic performance and progression of reactions 
during hydroprocessing also depend largely on the reaction parameters 
like reactor type, reaction temperature, pressure, residence time, and 
solvent system. These aspects have been discussed in this work. 

The major challenges associated with the hydroprocessing of various 
renewable feedstocks and the possible future research and development 
in respective areas are listed in Table 9. Numerous research papers 
report the use of alumina as a catalyst support for hydroprocessing 
catalysts due to its good textural and mechanical properties, and low 
relative cost [210,211]. The acidic nature of alumina is found to be 
beneficial in breaking the C-O bond in anisole which is also found in the 
lignin structure [210]. The sulfur vacancies located at the edges of the 
metal sulfides act as unsaturated sites and Lewis acids sites and are 
found to be active in cleaving C-O linkages [44]. Other supports like 
silica and activated carbon were also used as supports for NiMo 
hydrotreating catalysts and studied in vacuum residue hydrotreating 
reactions [211]. Carbon as catalyst support has also gained attention 
owing to its high surface area, inert nature, high thermal stability, and 

low cost [212]. An important conclusion made is that the effectiveness 
of the hydrotreating catalysts depends on the pore size diameter, 
pore-volume, and metal dispersion that ultimately improves the effi-
ciency of hydroconversion. As discussed in this work, the unsupported 
or self-supported metal sulfides have also gained interest because of 
their higher activity per catalyst mass as compared to the supported 
sulfide catalysts [208]. In addition, the direct use of the active metal 
sulfides phase allows the elimination of the transport resistance 

Scheme 6. a) The interaction mechanism of phenolic 
compound with sulfided (Co)Mo/Al2O3 catalyst: (A) 
Phenol at room temperature, (B) 2-ethylphenol at room 
temperature, (C) ethylphenol at 623 K, b) Indirect 
poisoning mechanism of the sulfide sites by phenol 
adsorption on the Al2O3 support [200]. This article was 
published in Journal of Catalysis, A. Popov, E. Kondratieva, 
L. Mariey, J. M. Goupil, J. E. Fallah, J. Gilson, A. Travert, 
and F. Maugé , Bio-oil hydrodeoxygenation: Adsorption of 
phenolic compounds on sulfided (Co)Mo catalysts, Journal 
of Catalysis, 2013, 297, 176–186, Copyright Elsevier 
(2013).   

Table 9 
Major challenges involved in improving efficiency and scaling up of bio- 
feedstock hydrotreatment processes.  

Feedstocks Major challenges involved 
for the use in industry 

Potential areas of development and 
research 

Triglycerides  • Pressure drop build-up  
• Cloud point and 

isomerization  
• Decrease in HDN activity 

of catalysts  
• Metal/inorganic 

compounds like alkali, 
Fe, P, etc.  

• Catalysts poisoning study for 
better understanding  

• Designing sulfided catalysts and 
prediction of deactivation with 
the aid of DFT tools 

Pyrolysis oil  • Alkali metals present in 
pyrolysis oil  

• Feeding issues and 
catalyst deactivation 
issues  

• Catalyst bed plugging 
due to coking  

• Pressure build-up in the 
reactor  

• Study of a mixture of model 
compounds of pyrolysis oil to 
understand the effect of the 
individual components  

• Pretreatment of pyrolysis oil for 
the removal of inorganic elements 
or using a multistage HDO reactor  

• Co-refining with fossil feed for 
renewable material integration in 
existing refineries  

• Stabilization of pyrolysis oil 
Lignin  • The condensation 

reaction of lignin 
fragments leading to 
char formation  

• Cleavage of the 
recalcitrant C-C linkages 
present in the lignin 
molecules  

• Low liquid yield  
• Sulfur leaching and 

replenishment  

• Catalysts poisoning/deactivation  
• Co-processing of lignin oils and 

petroleum feedstocks  
• Understanding the origin of char 

formation and char formation 
routes  

• Deactivation mechanism 

Solid 
biomass  

• Inorganic compounds 
present in the feedstocks 
cause catalyst 
deactivation  

• Hydrodenitrogenation of solid 
biomass  

• Carbon balance calculations  
• Product separation and isolation  
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interference due to the support during the reaction. With this, Exxon-
Mobil and Albemarle Catalysts developed an unsupported catalyst by 
so-called NEBULA technology that claims to show superior activity as 
compared to the conventional hydrotreating catalysts [213,214]. 
Another great example is the Eni Slurry Technology (EST) process which 
uses highly dispersed MoS2 nanoparticles and has proven the feasibility 
of using unsupported catalyst materials in hydrotreating [215]. Apart 
from developing stable, active, and cost-effective metal sulfide catalysts, 
the issue related to sulfur leaching and replenishment when using sul-
fided catalysts remains a central research topic. Some studies have been 
communicated in this regard exploring the benefits of applying sulfiding 
agents to compensate for sulfur loss during the process [14,62,66]. 
There is also a need and an interest in the research community in 
designing metal sulfide catalysts and also understanding the mode of 
sulfide deactivation aided by DFT tools. A better understanding of the 
physicochemical properties of metal sulfides aided by the first principles 
approaches can eventually benefit the tailored synthesis of metal sulfides 
and improve desired product selectivity. A review by Raybaud in 2007 
and extended by others provided insights into the understanding of the 
sulfide active phases, the localization and role of promoters, electronic 
properties, and morphological changes influenced by the operating pa-
rameters, synthesis methods, or addition of promoter [10,12,216–220]. 

In addition, when dealing with hydrotreating of complex feedstocks 
like lignin, the diffusion of depolymerized lignin oligomeric fragments 
into the catalyst pores to access active sites is likely to be limited by pore 
transport resistance, and therefore, the self-supported sulfide catalysts 
may be seen as beneficial to gain better active site accessibility. Depo-
lymerized lignin fragments that do not undergo deoxygenation reactions 
due to the inaccessibility of active sites, may instead repolymerize to 
form solid residues like char, which is usually undesirable. Studies 
related to process improvement could also be another way to ensure an 
efficient hydroconversion of solid lignin. A recent example shows that a 
modification to a semi-batch reactor operating mode by injecting a 
lignin slurry into a reactor that has reached the desired reaction tem-
perature can effectively avoid the repolymerization and recondensation 
reactions resulting in better lignin conversion [221]. Supported and 
unsupported versions of NiMoS catalysts was also reported effective in 
this regard [222,223]. 

The hydroprocessing of various renewable feedstocks such as tri-
glycerides, model compounds for bio-oil, and lignin-derived oils are 
discussed in this work. There are different challenges involved while 
using these different feedstocks for the scale-up of a hydrotreatment 
process. One of the common challenges when dealing with bio- 
feedstocks is the deactivation of the catalyst caused by the presence of 
inorganic impurities in the feedstocks. These inorganic elements can act 
as poisons to the catalytic sites, causing a decrease in the catalyst life-
time during the time-on-stream. Future research should focus on un-
derstanding the role of these impurities on the catalytic activity of a 
typical hydrotreating catalyst and also the in-depth deactivation 
mechanism. For instance, one recent study revealed that low concen-
trations of impurity elements like Na, K, Ca, and Fe promotes the 
deoxygenation ability of a NiMoS/Al2O3 catalyst. However, when they 
are present in higher concentrations, these impurities are deposited on 
the catalyst, ultimately leading to the poisoning of the catalyst [7]. More 
of these types of studies should be pursued using different bio-feedstocks 
as they can be seen as highly relevant for operation in refineries in terms 
of the stability of the catalysts and also it could possibly provide a way to 
regenerate, recycle and reuse the catalyst. Issues like catalyst pore 
plugging due to coking and inorganic impurities present in bio-feed 
should also be addressed and investigated in the future by studying 
different guard bed materials like catalysts or adsorbents to improve the 
catalyst lifetime. Research related to catalytic material development 
that is more resistant to deactivation and can be easily restored 
following deactivation is of high interest. In addition to these, the pre-
treatment of these bio-feedstocks for the removal of inorganic elements 
that are responsible for the catalyst deactivation is required to better 

improve the properties of the feedstock. The pretreatments and 
enhancement methods to improve the quality of the feedstocks is 
desirable to achieve efficient refining of bio-feedstocks. The removal of 
nitrogen content in bio-feedstocks also remains an area that is less 
explored and requires more attention. For instance, pyrolysis oil derived 
from sewage sludge contains high nitrogen and sulfur-bound poly-
aromatics compounds which reduces the quality of the product fuels and 
also generates toxic emissions upon combustion. 

To sum up, we have comprehensively reviewed the use of 
industrially-relevant metal sulfide catalysts for the upgrading of biomass 
feedstocks like triglycerides, monomeric and dimeric phenolic com-
pounds, pyrolysis oil, and waste lignin. Various aspects such as sulfide 
deactivation, reaction kinetics, and mechanisms have been discussed. 
The challenges and future research opportunities concerning the effi-
cient upgrading of bio-feedstocks to liquid fuel were explored. Metal 
sulfides will remain as a core in the processing of renewable feedstocks 
in existing refinery infrastructures and both the research community and 
industries play a significant role in realizing future biorefineries. 
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[68] P. Šimáček, D. Kubička, G. Šebor, M. Pospí̌sil, Fuel properties of hydroprocessed 
rapeseed oil,, Fuel 89 (2010) 611–615. 
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One-Stage Bio-Oil Upgrading over Sulfided Catalysts, ACS Sustain. Chem. Eng. 8 
(2020) 15149–15167. 

[138] N. Priharto, F. Ronsse, W. Prins, I. Hita, P.J. Deuss, H.J. Heeres, Hydrotreatment 
of pyrolysis liquids derived from second-generation bioethanol production 
residues over NiMo and CoMo catalysts, Biomass Bioenergy 126 (2019) 84–93. 

[139] S. Izhar, S. Uehara, N. Yoshida, Y. Yamamoto, T. Morioka, M. Nagai, 
Hydrodenitrogenation of fast pyrolysis bio-oil derived from sewage sludge on 
NiMo/Al2O3 sulfide catalyst, Fuel Process. Technol. 101 (2012) 10–15. 

[140] H. Luo, M.M. Abu-Omar, Chemicals From Lignin, Encyclopedia of Sustainable 
Technologies, 3, (2017). 

[141] P. Azadi, O.R. Inderwildi, R. Farnood, D.A. King, Liquid fuels, hydrogen and 
chemicals from lignin: A critical review, Renew. Sustain. Energy Rev. 21 (2013) 
506–523. 

[142] A.K. Deepa, P.L. Dhepe, Lignin Depolymerization into Aromatic Monomers over 
Solid Acid Catalysts, ACS Catal 5 (2015) 365–379. 

[143] A. Wang, P. He, H. Song. Chapter 6. Lignin Valorization, Recent Advances in 
Bioconversion of Lignocellulose to Biofuels and Value-Added Chemicals within 
the Biorefinery Concept, 2020, pp. 133–152. 

[144] M.P. Pandey, C.S. Kim, Lignin Depolymerization into Aromatic Monomers over 
Solid Acid Catalysts, Chem. Eng. Technol. 34 (2011) 29–41. 

[145] N. Zhou, W.P.D.W. Thilakarathna, Q.S. He, H.P.V. Rupasinghe, A Review: 
Depolymerization of Lignin to Generate High-Value Bio-Products: Opportunities, 
Challenges, and Prospects, Front. Energy Res. 9 (2022) 1–18. 

[146] X. Diao, N. Ji, Rational design of MoS2-based catalysts toward lignin 
hydrodeoxygenation: Interplay of structure, catalysis, and stability, Journal of 
Energy Chemistry 77 (2023) 601–631. 

[147] H. Wang, M. Tucker, Y. Ji, Recent Development in Chemical Depolymerization of 
Lignin: A Review, J. Appl. Chem. 2013 (2013) 1–9. 

[148] C. Xu, R.A.D. Arancon, J. Labidi, R. Luque, Lignin depolymerisation strategies: 
towards valuable chemicals and fuels, Chem. Soc. Rev. 43 (2014) 7485–7500. 

[149] C. Li, X. Zhao, A. Wang, G.W. Huber, T. Zhang, Catalytic Transformation of Lignin 
for the Production of, Chemicals and Fuels, Chem. Rev. 115 (2015) 11559–11624. 

[150] Z. Sun, B. Fridrich, A. De Santi, S. Elangovan, K. Barta, Bright Side of Lignin 
Depolymerization: Toward New Platform Chemicals, Chem. Rev. 118 (2018) 
614–678. 

[151] R. Roy, M.S. Rahman, T.A. Amit, B. Jadhav, Recent Advances in Lignin 
Depolymerization Techniques: A Comparative Overview of Traditional and 
Greener Approaches, Biomass 2 (2022) 130–154. 

[152] R.K. Chowdari, S. Agarwal, H.J. Heeres, Hydrotreatment of Kraft Lignin to 
Alkylphenolics and Aromatics Using Ni, Mo, and W Phosphides Supported on 
Activated Carbon, ACS Sustain. Chem. Eng. 7 (2019) 2044–2055. 

[153] B.A. Vuori, J.B. Bredenberg, Liquefaction of Kraft Lignin, Holzforschung 42 
(1988) 155–161. 

[154] D. Raikwar, S. Majumdar, D. Shee, Effects of solvents in the depolymerization of 
lignin into value‑added products: a review, Biomass Conversion and Biorefinery 
(2021). 

[155] U. Schuchardt, O.A. Marangoni Borges, Direct liquefaction of hydrolytic 
eucalyptus lignin in the presence of sulphided iron catalysts, Catal. Today 5 (4) 
(1989) 523–531. 

[156] B. Joffres, M.T. Nguyen, D. Laurenti, C. Lorentz, V. Souchon, N. Charon, 
A. Daudin, A. Quignard, C. Geantet, Lignin hydroconversionon MoS2-based 
supported catalyst: Comprehensive analysis of products and reaction scheme, 
Appl. Catal. B Environ. 184 (2016) 153–162. 

[157] B. Joffres, C. Lorentz, M. Vidalie, D. Laurenti, A.A. Quoineaud, N. Charon, 
A. Daudin, A. Quignard, C. Geantet, Catalytic hydroconversion of a wheat straw 
soda lignin: Characterization of the products and the lignin residue, Appl. Catal. B 
Environ. 145 (2014) 167–176. 
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