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Abstract 
 

The scarcity of fossil feedstocks and the deterioration of the current global climate condition have prompted the search for 

reliable alternatives for fossil fuel replacement. Biomass feedstocks such as lignin can be used to produce renewable bio-oils 

that can fill the gap left by fossil-derived oils. Such bio-oils require an upgrading process, such as catalytic hydrodeoxygenation 

(HDO), to improve their quality for use as advanced biofuels and chemicals. Transition metal sulfides (TMS) are typically used 

in the traditional petroleum refining industry for hydrodesulfurization (HDS) and hydrodenitrogenation (HDN) applications. 

This thesis focuses on the hydrotreatment of a model bio-oil compound, propylguaiacol (PG), and an actual bio-feedstock, 

Kraft lignin (KL), over TMS-based supported and unsupported catalysts.   

In the first study, catalysts based on MoS2 supported on γ-Al2O3 and promoted by transition metals, such as Nickel (Ni), Copper 

(Cu), Zinc (Zn), and Iron (Fe) were evaluated for the HDO of PG in a batch reactor setup. The catalyst screening results showed 

that the sulfided Ni-promoted catalyst gave a 94% yield of deoxygenated cycloalkanes, however, 42% of the phenolics 

remained in the reaction medium after 5 h for the sulfided Cu-promoted catalyst. It was also found that the sulfided Zn- and 

Fe-promoted catalysts gave a final yield of 19% and 16% at full PG conversion, respectively, for deoxygenated aromatics. A 

pseudo-first kinetic model that took into consideration the main side reactions was developed to elucidate the deoxygenation 

routes for the HDO of PG using sulfided catalysts. The developed kinetic model was able to describe the experimental results 

well with a coefficient of determination of 97% for the Ni-promoted catalyst system. This work also demonstrated that the 

activity of the transition metal promoters for the HDO of PG correlated to the yield of deoxygenated products from the 

hydrotreatment of Kraft lignin. 

The main focus of the second study was on the effect of the annealing treatment of a hydrothermally synthesized unsupported 

MoS2 catalyst. The prepared unsupported catalysts were studied and evaluated for the HDO of PG. The annealing treatment of 

the as-synthesized catalyst under N2 flow at 400 °C for 2 h was found to enhance the HDO activity of PG. The effect on 

catalysts activity of hydrothermal synthesis time and acid addition combined with the annealing treatment was also studied for 

the same model reaction. The annealed MoS2 with a synthesis time of 12 h in an acidic environment was found to have improved 

crystallinity and to exhibit the highest degree of deoxygenation of all the studied catalysts, moreover, giving a full PG 

conversion after 4 h and a final 4-propylbenzene selectivity of 23.4 %. An acidic environment during the synthesis was found 

to be crucial in facilitating the growth of MoS2 micelles, resulting in smaller particles that affected HDO activity. The annealed 

unsupported MoS2 that gave the best performance for HDO of PG was further evaluated for the hydrotreatment of KL. The 

annealed unsupported MoS2 demonstrated a high capacity for deoxygenation with a selectivity of 78.6% and 20.1% for 

cycloalkanes and aromatics from KL, respectively. The results also indicate that a catalyst with high activity for deoxygenation 

and hydrogenation reactions can suppress char formation and favor a high lignin bio-oil yield. 

Keywords: Advanced biofuels, Bio-oils, Pyrolysis oil, Propylguaiacol, Kraft lignin, Hydrotreatment, Transition metals, MoS2, 

Unsupported TMS, Reaction network 
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1 Introduction 

1.1 Greenhouse gases (GHG) emissions, the transportation sector in Europe, and biofuels 

Depleting fossil resources, increasing greenhouse gases (GHG) emissions, and deteriorating global climate 

conditions have prompted efforts to speed up the deployment of a sustainable society. Several aspiring goals have 

been set by governmental agencies to tackle these issues and environmental-related issues. One of these is the 

ambitious target to reduce greenhouse gas (GHG) emissions by 40% in 2030 and achieve climate neutrality by 

2050, as drafted in the roadmap of the European Green Deal illustrated in Figure 11. 23.2% lower emissions of 

GHGs were achieved in 2018 than in 1990, indicating that the EU remained on track in its goal of a 20% reduction 

in GHG emissions by 2020 (Figure 1)1. However, extensive efforts are still needed to halt GHG emissions and 

gain carbon neutrality.   

 

Figure 1. GHG emission trends, projections, and targets in EU1. 

Of all the economic sectors, transportation accounts for almost a quarter of the GHG emissions in Europe, which 

also causes air pollution in major cities2. The transport sector also remains as one of the major economic sectors 

with an upward trend for GHG emissions, i.e., 29% above 1990 levels for 2018 (Figure 2)2. This increase can be 

mainly attributed to the ever-growing population and demand for passenger and freight transport in emerging 

economies. The current billion-vehicle fleet in the transport sector is still largely dependent on using fossil-derived 

liquid hydrocarbons, e.g., diesel, gasoline, kerosene with growing demand especially in aviation and marine 

transport. Consequently, sustainable biofuels play a significant role in decarbonizing the transport sector and 

shifting towards a fossil-free society.  
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Figure 2. EU GHG in the transport sector2.  

Biofuels are renewable energy sources derived from biomass. There are typically three types of biofuels: the first, 

second, and third-generation biofuels are characterized based on the biomass feedstocks used during the production 

process and their limitations as an energy source. The first-generation biofuels are derived from food crops such 

as sugar beets, corn starch, or vegetable oils. They are produced through well-understood processes such as 

fermentation, distillation, and transesterification. However, these feedstocks are criticized for competing with food 

crops, which impact biodiversity and the competition for water. The production of second-generation biofuels was 

initiated to address the various disadvantages and limitations of first-generation biofuels. The second-generation 

biofuels use non-edible feedstocks from waste streams, e.g., food waste and agricultural waste. These feedstocks 

can undergo different processes, such as thermochemical conversion (pyrolysis, gasification, liquefaction, and 

direct combustion), biochemical conversion, and hydroprocessing, and yield renewable fuels. The production of 

bio-diesel from the hydroprocessing of vegetable oils (HVO) and esters and fatty acids (HEFA) are great examples 

that fall under this category. The third-generation biofuels mainly use engineered crops, such as algae biomass, 

which have a different growth yield in comparison to the typical lignocellulosic biomass.  

1.2 Objectives, scope, and outline of the thesis 

Lignocellulosic biomass-derived bio-oils produced via the thermochemical conversion of solid biomass and further 

upgrading through catalytic hydrotreatment have gained tremendous attention as a substitute for fossil-derived 

fuels in recent years. This two-stage process was drawn and shown in Scheme 1. These biomass-derived oils from 

for example fast pyrolysis are also known as pyrolysis oil. Pyrolysis oil has a water content of 15-30 wt% and a 

high oxygen content which contributes to its poor quality and also makes its utilization as fuel in internal 

combustion engines difficult. Hence, catalytic hydrotreatment, the second stage as shown in Scheme 1 is required 

to refine the biomass-derived bio-oils so that they can be used as liquid transportation fuels.   

Of the different biomass conversion technologies and upgrading processes, catalytic HDO remains an interesting 

subject to study for the improvement of the quality of biomass-derived bio-oils for direct use as transportation 

fuels. The main challenges of the complex HDO reaction of biomass-derived bio-oils are catalyst development, 
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catalyst stability and poisoning, reaction mechanisms, and network elucidation. Therefore, in this work, the focus 

has been placed on the main upgrading process, catalytic hydrodeoxygenation of a bio-oil model compound as 

illustrated in the 2nd-step in Scheme 1 to produce deoxygenated aromatics, cycloalkanes, and alkylphenols. 

Moreover, biorefinery waste such as Kraft lignin provides an alternative to fossil feedstocks for the production of 

renewable chemicals and fuels. Thus, the simultaneous depolymerization and hydrodeoxygenation of Kraft lignin 

in the presence of a solvent in one step was also investigated, as shown in Scheme 2. The current work provides a 

potential strategy for an efficient one-step valorization of the waste stream into high-value chemicals, platform 

chemicals, and liquid fuels.  

 

Scheme 1. Two-stage process in the transformation of raw biomass to valuable products such as chemicals and 

transportation fuels. 

 

Scheme 2. One-step hydrotreatment of Kraft lignin in the presence of a solvent for the production of high-value 

chemical and fuel components. 

The main effort has been placed on investigating different transition metal sulfides (TMS), with and without 

catalyst support in the HDO of a bio-oil model compound, propylguaiacol (PG). The activity and selectivity of the 

sulfided catalysts for different desired products, such as deoxygenated aromatics, cycloalkanes, and 

alkylphenolics, were studied. A series of screening experiments were conducted in the first study to examine the 

Ni, Fe, Zn, and Cu on the Mo-based sulfided catalysts for the HDO of PG. The effect of these transition metals 

was studied and compared with the traditional NiMo sulfided catalysts. All catalysts were subjected to different 

characterization techniques, such as X-ray diffraction (XRD), inductively coupled plasma (ICP)-sector field mass 

spectroscopy, nitrogen physisorption (BET), X-ray photoelectron spectroscopy (XPS), and transmission electron 
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microscopy (TEM). A simplistic pseudo-first-order kinetic model that took into consideration side reactions was 

developed based on the proposed reaction network for HDO of PG over sulfided catalysts. Sulfided ZnMo, FeMo, 

and NiMo catalysts were also examined in the hydrotreatment of Kraft lignin, and the product selectivities were 

correlated with the results obtained from the HDO of PG. 

The synthesis of unsupported MoS2 catalysts using a facile hydrothermal synthesis method was examined in the 

second study. The effect of annealing treatment on the unsupported catalysts was studied in the HDO of PG. The 

combined effect of hydrothermal synthesis time and pH adjustment during the synthesis with the annealing 

treatment were investigated.  Our in-house synthesized unsupported MoS2 was compared with a sample of bulk 

MoS2 in the model reaction and hydrotreatment of Kraft lignin.  

The outline of this thesis is as follows: 

Chapter 2 introduces the background of lignin, biomass-derived bio-oils, and catalytic hydrodeoxygenation 

(HDO). The same chapter also presents an extensive literature review on the HDO of phenolic monomers and real 

biomass feedstocks using supported and unsupported sulfided catalysts. The motivation for conducting studies 

using supported and unsupported sulfided catalysts is discussed. 

Chapter 3 presents the experimental techniques used in catalyst synthesis, catalyst testing experiments, and the 

catalyst characterizations involved in both studies. 

Chapter 4 presents the main findings and a discussion of both studies.  

Chapter 5 provides the conclusion and summary of both studies. 

Chapter 6 discusses future work
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2 Background 

2.1 Lignin, bio-oil properties, and catalytic hydrodeoxygenation (HDO) 

Lignocellulosic biomass, one of the most abundant renewable resources on Earth has gained great interest in 

replacing fossil feedstock as a major source of renewable carbon. It can play a vital role in the production of 

renewable carbon-based chemicals, materials, and fuels. The major mass of lignocellulosic biomass is found in 

the wood/plant cell wall which mainly consists of three biopolymers: cellulose (40-50%), hemicellulose (25-40%), 

and lignin (20-30%), and also extractives. The composition of biomass largely depends on the biomass species. 

The fibers in the middle lamella and the bundled fibrils are bounded together by hemicellulose and lignin that give 

the tree and the wood its mechanical strength. Lignin is essentially comprised of phenylpropane units, such as 

coniferyl, sinapyl, and p-coumaryl alcohol (Figure 3b) which are randomly interlinked by recalcitrant C-C and C-

O bonds, as shown in Figure 3a3. In the pulp and paper industry, lignin is a byproduct that has been often used as 

a renewable energy source by burning it to produce heat and energy for the paper mill and also to recover the 

inorganics. However, modern paper mills are increasingly energy-efficient, which has resulted in the energy from 

lignin combustion becoming unnecessary for the operation of the mill4. Due to the increasing demand for a 

renewable carbon source in the production of biofuels and green chemicals, much research attention has been 

given to the efficient valorization of waste lignin into valuable chemicals and fuel components.  

 

Figure 3. a) Model lignin chemical structure and b) building blocks of lignin.  

Bio-oils can be produced via various processes and one of which is fast pyrolysis or thermal liquefaction of 

biomass5. Fast pyrolysis is a thermochemical process where biomass is decomposed into bio-oils, bio-char, and 

volatile species at temperatures between 300-600 °C in the absence of oxygen with a short residence time of less 

than 2 s6. The chemical composition of bio-oils can vary depending on the difference in the biomass feedstock 

used and the pyrolysis conditions. Different compound groups, such as acids, alcohols, aldehydes, ketones, 

phenolics, sugars, can be found in bio-oil constituents6. This pool of compounds is derived from the depolymerized 

cellulose, hemicellulose, and lignin fraction of the lignocellulosic biomass. This liquid product also has a high-

water content (15-30 wt%), which comes from the initial moisture of the biomass and is acidic (pH 2-4) in nature 
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due to the presence of carboxylic acids6. The oxygen content of this product is also high which can contain up to 

40 wt% oxygen giving high viscosity and a low heating value in comparison to fossil-derived hydrocarbon fuels6.  

Biomass-derived bio-oils have various undesirable properties, leading to difficulties for their direct use as 

transportation fuels. Hence, bio-oils require a refining process to produce deoxygenated products that are 

compatible with existing fuel grades. Catalytic hydrotreating is a conventional hydroprocessing technology 

employed by refineries to improve the quality of fuels. This technology removes heteroatoms, such as sulfur, 

nitrogen, oxygen, and metals from the fossil feedstock through hydrodesulfurization (HDS), hydrodenitrogenation 

(HDN), hydrodeoxygenation (HDO), and hydrodemetallization (HDM). Bio-oils are different from petroleum oil, 

because they typically have a negligible content of sulfur and nitrogen, whereas bio-oils have a high oxygen 

content. Hence, catalytic hydrodeoxygenation (HDO) has been adopted to remove excess oxygen from the bio-

feedstocks in the form of water while using hydrogen as a co-reactant with the aid of a selective hydrotreating 

catalyst7. Different reactions, such as demethoxylation (C-OCH3 cleavage), dehydroxylation (C-OH cleavage), 

hydrogenation (C=O and aromatic ring saturation), hydrogenolysis, hydrocracking, transalkylation, and 

isomerization can occur at varying degrees during HDO, depending on the composition of the bio-oil, the reaction 

conditions and the catalyst used.  

There has been great interest in studying the reaction networks and kinetics of the HDO of bio-oils over the past 

decades due to the increased utilization of such feedstocks for renewable fuel production. However, due to the 

complexity of the nature of bio-oils, several reactions can occur simultaneously during the upgrading process. 

Therefore, much research has been dedicated to the study of bio-oil model compounds in a lab-scale reactor to 

understand the reaction network and reaction mechanism for HDO. The use of model compounds allows a quick 

assessment of the catalyst’s activity and selectivity for compound groups, such as alkylphenols, deoxygenated 

cycloalkanes, and aromatics, before diving into complex feedstocks like lignin and pyrolysis oils. Different 

functional groups in the model compounds also facilitate the understanding of the relative activities and selectivity 

of the catalysts in cleaving different bonds and linkages. Table 1 provides the bond dissociation energies (BDE) 

for different types of C-O bonds in bio-oil-derived model compounds8. There are typically three types of C-O 

bonds: the bond between Caromatic-OH (Ph-OH), Caromatic-OCH3 (Ph-OMe), and Caromatic-O-CH3 (Ph-O-Me) or 

Caromatic-O-Caromatic (Ph-O-Ph). The BDE analysis shows that the C-O bond energies decreased in the order: Ph-OH 

> Ph-OMe > Ph-O-Ph > Ph-O-Me. The etheric C-O bond is also weaker than the phenolic C-O bond.  

In this thesis, the focus is on the HDO of the bio-oil model compound, 4-propylguaiacol (PG), and the 

hydrotreatment of Kraft lignin (KL). The selection of PG as a model bio-oil compound is because PG has a similar 

structure to coniferyl alcohol present in the lignin structure. The application of traditional transition metal sulfides 

(TMS) with and without catalyst support on the model reaction was investigated to understand the reaction network 

and kinetics of the HDO of PG.  
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Table 1. The calculated homolytic bond dissociation energies (BDE) for different bio-oil model compounds 

calculated with B3lyp/6-311 G(d,p) level theory at 320 °C in the gas phase adapted from reference8. The unit for 

BDE is given in kJ/mol.  

Bond Ph-OH Ph-OMe Ph-O-Me Ph-O-OH 

 

446.4 - - - 

 

440.2 379.5 226.8 - 

 

453.5 384.5 214.2 - 

 

456.8 397.0 205.0 - 

 

443.9 - - - 

 

443.5 

 
- - - 

 

- 384.0 238.0 - 

 

- - - 291.6 

 

2.2 Transition metal sulfides for HDO process 

The catalytic performance and progression of different reactions during HDO depend largely on the catalyst types, 

the catalyst support used, and HDO reaction conditions (reactor type, temperature, reaction time, solvent system, 

and pressure). Traditional transition metal sulfide (TMS) catalysts are usually employed in HDS and HDN. The 

conventional catalyst systems used are the typical molybdenum or tungsten sulfide systems supported on alumina 

promoted by nickel (Ni) or cobalt (Co). TMS catalysts must be kept in sulfide form, and sulfiding agents, such as 

dimethyl disulfide (DMDS) or carbon disulfide (CS2) are commonly co-fed in the HDO reactions on a lab-scale 

to maintain the sulfidation degree of the catalysts.  

There are many reports related to the use of alumina as a support for hydrotreating catalysts because of its good 

textural and mechanical properties, and the fact that it is relatively inexpensive9,10. The acidic properties of alumina 
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are known to be beneficial in breaking the C-O bond in anisole which can be found in lignin oil9. The effect of 

different supports such as silica, activated carbon, and alumina on the activity of NiMo hydrotreating catalyst was 

also studied in vacuum residue hydrotreating reactions10. They concluded that the effectiveness of a hydrotreating 

catalyst depends largely on the size of the pore diameter, pore volume, and also the dispersion of the active metals 

that can contribute to a better hydroconversion10. This indeed highlights the importance of using support materials 

for the synthesis of hydrotreating catalysts. Mukundan et. al also studied the use of carbon support for MoS2-based 

catalysts and found promising results for HDO reactions11,12. Carbon as catalyst support attracts interest for HDO 

reactions because of its high surface area, inert nature, high thermal stability, stability in water, and low cost13.  

Other than supported TMS catalysts widely reported in literature studies, many works have also been dedicated to 

the exploration of the potential of using unsupported TMS catalysts for hydroprocessing. The use of unsupported 

TMS catalysts allows for the direct use of the main active phase of the catalyst and eliminates any possible 

interference of the support material during the reaction. One excellent example of the use of an unsupported 

catalyst system is the NEBULA technology that has been jointly established by ExxonMobil and Albemarle 

Catalysts14,15. This commercialized and patented technology has been able to show the superior activity of the 

unsupported catalysts as compared to the conventional hydroprocessing catalysts15. Another application of the 

unsupported hydroprocessing catalysts was the Eni Slurry Technology (EST) process16. The EST process uses 

highly dispersed MoS2 nanoparticles formed by the oleo-soluble molybdenum precursor co-feeded with heavy oil 

feedstocks under reaction conditions of 400-450 °C and 150 bar with a continuous hydrogen flow resulting in high 

hydrogenation activity16. Furthermore, the promising results were demonstrated in a recent study using 

unsupported Mo precursors for the co-processing of fast pyrolysis bio-oil (FPBO) with heavy fossil feedstocks in 

a slurry hydrocracking unit17.  

In this work, Kraft lignin was used as a renewable feedstock in the hydrotreatment process. Kraft lignin has a high 

molecular weight of typically around 16.7 kDa18. Hence, there is a significant obstacle for the diffusion of such 

large lignin polymer molecules or even their fragments into the porous support of the catalytic materials to access 

active sites. Besides, depolymerized lignin fragments produced from non-catalytic reactions can repolymerize and 

form char19,20. Therefore, the transport limitations caused by the catalyst supports can hinder the stabilization of 

these radicals through hydrogenation reactions and promote char production. In this context, the use of highly 

active unsupported catalysts became attractive when dealing with lignin hydrotreatment. Moreover, Kraft lignin 

contains 1-2 wt% sulfur due to the pulping process and the sulfur content may act as a poison to noble metal 

catalyst systems21. Therefore, the use of sulfur tolerant catalysts like TMS can be of advantage when applied to 

the Kraft lignin hydrotreatment. 

Sections 2.3, 2.4, and 2.5 discuss the application of traditional supported and unsupported HDS catalysts in the 

upgrading of bio-oil monomer phenolics and biomass feedstocks with emphasis on reaction mechanism and 

networks.  

2.3 HDO of bio-oil model compounds over supported sulfided catalysts 

Table 2 presents the state of the art of supported sulfided catalysts for hydrotreating of phenolic monomers. Various 

catalytic systems employing mixed oxide support in 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 
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oxide TiO2-ZrO2 for the HDO of Guaiacol at 320 °C22. Their results show that the support was responsible for the 

HDO reaction producing phenol, catechol, and methylated compounds with NiWS supported on TiO2 showing an 

80% HDO product selectivity at full guaiacol conversion22. 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 in different reaction conditions23. The study also mentions that nickel 

(Ni) performs better than cobalt (Co) as a promoter in catalyzing the HDO of guaiacol23. 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
24. The use of activated carbon as catalyst support has also been reported in the literature25–27. Mukundan et 

al. have prepared a single-layered amorphous MoS2 on activated carbon for the HDO of guaiacol and found that 

single-layer MoS2 promotes deoxygenation and hydrogenation better than multi-layered MoS2 in the production 

of phenol27. 

The traditional NiMo on γ-Al2O3 in sulfided and reduced form was studied for phenol HDO28. Figure 4 shows 

general reaction networks for the HDO of phenol using a sulfided NiMo catalyst28. The catalyst in sulfided form 

exhibited a higher than 90% cyclohexane selectivity, and the deoxygenation routes for the phenol HDO occurred 

in parallel, involving direct deoxygenation (DDO) of the hydroxyl group of phenol and the hydrogenation-

dehydration (HYD) of the phenyl ring28. The promoters play a role in conventional hydroprocessing catalysts. 

Badawi et al. have demonstrated that cobalt promotes both DDO and HYD pathways in the HDO of phenol to 

different extents29. They have performed DFT calculation and shown that both DDO and HYD pathways occur on 

sulfur vacancy sites (CUS)29. Romero et. al have also reported the same findings30. Using 2-ethylphenol as a model 

compound30, 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 Figure 5 and Figure 6, respectively30.  

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 deoxygenation31. A non-conventional hydrotreating catalyst like supported ReS2 has been 

reported in several studies32–36. For instance, ReS2 supported on SiO2 or γ-Al2O3 catalyst was applied in the 

coprocessing of dimethyl dibenzothiophene and guaiacol36. Both Re-based catalysts showed high HDS and HDO 

activities; ReS2 supported on SiO2 catalyst showed high HDO rates giving 40% HDO products36. In addition to 

the cheap transition metals used as promoters, research has examined the use of noble metals as promoters for a 

metal sulfide catalyst in phenolics HDO33,37. For instance, Ir and Pt have been incorporated into RuS2/SBA-15 and 

used in the HDO of phenol37. The results have demonstrated a higher conversion rate of phenol (37-41%) and 

better cyclohexane selectivity (62-63%) than the non-promoted RuS2/SBA-1537. 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 bio-feedstock, such as Kraft lignin, may act as a poison to such noble catalyst systems, nevertheless, 

studying such a system facilitates better insight into the reaction pathways of the HDO of phenolics.  

Jongerius et al. have 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 comparison38. Their main findings suggest that 

the mono-aromatic oxygenates underwent three distinct pathways that included HDO, demethylation, and 

methylation. This resulted in invaluable products like phenol, benzene, cresols, and toluene38. Less than 5% of 
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hydrogenated products were detected in the reaction medium, indicating that hydrogenation is the least preferred 

reaction network for this catalyst system38.  

It is commonly found in the considerable amount 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 sulfided 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 fats39. However, one should notice 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 phenolics25. 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 carbon25.  

 

Figure 4. Reaction scheme for phenol HDO over sulfide supported NiMo catalyst28. 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. 

 

Figure 5. DDO reaction pathway for HDO of 2-ethylphenol over supported MoS2 catalysts30. This article was 

published in Applied Catalysis B: Environmental, Y. Romero, F. Richard, and S. Brunet, Hydrodeoxygenation of 

2-Ethylphenol 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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Figure 6. HYD reaction pathway for HDO of 2-ethylphenol over supported MoS2 catalysts30. This article was 

published in Applied Catalysis B: Environmental, Y. Romero, F. Richard, and S. Brunet, Hydrodeoxygenation of 

2-Ethylphenol 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). 

Table 2. State-of-the-art sulfided supported catalysts for HDO of phenolic oxygenates. 

Entry Sulfided 
catalyst 

Model 
compound 

Solvent Conversion 
(%) 

Reaction conditions HDO product 
selectivity (%) 

Ref. 

1 NiWS 

supported on 

TiO2, ZrO2, and 
TiO2-ZrO2 

Guaiacol Hexadecane 100 Batch, 320 °C, 55 bar 

H2, and 1000 rpm 

80% cycloalkanes 

(NiWS-TiO2) 

22 

2 CoMoS 

supported on 
Al2O3-TiO2 

Phenol Dodecane 93 Batch, 300 °C, 54 bar 

H2, and 1000 rpm 

Benzene (65%), 

Cyclohexane 
(25%) and 

Cyclohexene (3%) 

24 

3 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%) 

23 

4 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 

28 

5 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 

 

29 

6 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 

40 

7 CoMoS 

supported on 

Al2O3 

Phenol, o-

cresol, anisole, 

4-methylanisole, 

Dodecane 25-90 Batch, 4 h, 300 °C 

and, 50 bar 

See ref 38 38 
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catechol, 

guaiacol, 4-

methylguaiacol,
1,3-

dimethoxybenze

ne, syringol, and 
vanillin. 

8 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%) 

41 

9 MoS2/NiMoS/C

oMoS 

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 

30 

10 CoMoP/MgO Phenol Supercritical 
hexane 

17-90 Batch, 350-450 °C, 1 h 
and 50 bar 

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

°C  

31 

11 NiMoS/CoMoS 
supported on γ-

Al2O3 

Phenol and 
methyl 

heptanoate 

m-xylene 5-28 Batch/continuous, 250 
°C, 1 h and 15 bar 

See ref39 39 

12 CoMoS 

supported on 
Al2O3 

Methyl-

substituted 
phenols 

n-heptane/n-

decane 

10-50 Continuous, 300 °C 

and 28.5 bar 

See ref42 42 

13 CoMoS on 

activated 
carbon 

Guaiacol, 

ethyldecanoate, 
and 4-

methylacetophe

none 

- 17-19 Continuous, 270 °C 

and 75 bar 

See ref25 25 

14 MoS2 on 
activated 

carbon 

Guaiacol Decalin 10-30 Batch, 300 °C, 50 bar, 
and 1000 rpm 

See ref26 26 

15 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.   

27 

16 (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%) 

37 

17 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%) 

33 

27 ReS2/SiO2 Guaiacol Dodecane 80 
Batch, 300 °C, 50 bar, 

and 4 h 

For ReS2/SiO2, 

phenol (60%), 

cyclohexane (20%) 
and others. 

32 

28 
ReS2/activated 

carbon 
Guaiacol Dodecane 40-80 

Batch, 300 °C, 50 bar, 

and 4 h 
See ref34 34 

29 
ReS2/SiO2(Al2

O3) 

Guaiacol and 
4,6-

dimethyldibenzo

thiophene 

Dodecane 80 
Batch, 300 °C, 50 bar, 

and 4 h 
See ref36 36 

30 

Re/ZrO2 and 

Re/ZrO2-

sulphated 

Guaiacol Decaline 10-70 
Batch, 300 °C, 50 bar, 

and 4 h 
See ref35 35 
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2.4 HDO of bio-oil model compounds over unsupported sulfided catalysts 

Conventional transition metal sulfides (TMS) are typically the molybdenum disulfide supported on a high surface 

area catalyst support and promoted by Ni or Co as described in Section 2.3. Over recent decades, these traditional 

TMS catalysts have been tested by omitting the use of catalyst support, resulting in unsupported TMS. Table 3 

presents the state-of-the-art of unsupported TMS for phenolic HDO. 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 temperature (150-250 °C) and the absence of hydrogen 

pressure43–48. Wu et al. have prepared a series of hydrophobic unsupported MoS2, NiS2-MoS2, and CoS2-MoS2 

using hydrothermal synthesis with the aid of silicomolybdic acid for the HDO of 4-ethylphenol47. 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 °C47. Another study by Wang et al. has proposed a reaction network 

for p-cresol HDO using a hydrothermally prepared CoMoS catalyst, as shown in Figure 743. Two different 

deoxygenation routes for p-cresol have been proposed: the first is the DDO route, where the partially hydrogenated 

dihydrocresol is attacked by the dissociated H+ and the OH2
+ species is cleaved in the form of H2O producing 

toluene43. The second route involves HYD where the partially hydrogenated p-cresol is fully hydrogenated to 4-

methylcyclohexanol and then dehydrated to 3-methycyclohexene. The product, 3-methylcyclohexene then 

underwent hydrogenation and formed methylcyclohexane43. The study also described a p-cresol adsorption scheme 

on an unsupported CoMoS catalyst43, as shown in Figure 8. P-cresol could adsorb via its vertical orientation and 

coplanar position in relation to the DDO and HYD routes, respectively43.  

 

Figure 7. A reaction network for p-cresol HDO over unsupported CoMoS catalyst43. 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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Figure 8. Adsorption scheme for HDO of p-cresol over unsupported CoMoS catalyst43. 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. 

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 reactor49. The NiMoW sulfide unsupported catalyst gave a 99.6% 

guaiacol conversion with a minimum coke formation at 400 °C49. Adapted from the reference, shown in Figure 9, 

guaiacol underwent HDO via demethylation (DME), demethoxylation (DMO), and transalkylation49. Phenol was 

formed by either the direct demethoxylation of guaiacol or the dehydroxylation of catechol; both reactions resulted 

in the production of benzene49. 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 in the aromatic ring 

than in the methoxy group6.  

 

Figure 9. A proposed reaction scheme for HDO of guaiacol over NiMoW catalyst49. This article was published in 

Catalysis Communications, Tran, C. C, Stankovikj, F, Kaliaguine, S, Unsupported Transition Metal-Catalyzed 

Hydrodeoxygenation of Guaiacol, Catal. Commun., 2017, 101, 71–76, Copyright Elsevier (2017). 
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Table 3. State of the art of sulfided unsupported catalysts for HDO of phenolic oxygenates. 

Entry Sulfided 
catalyst 

Model 
compound 

Solvent Conversion 
(%) 

Reaction conditions HDO product 
selectivity (%) 

Ref. 

1 MoS2, NiS2-

MoS2, and 
CoS2-MoS2 

4-ethylphenol 

and 4-
propylguaiacol 

Dodecane 44-81.5 Batch, 300 °C, 40 bar, 

5 h and 900 rpm 

See ref47 47 

2 CoMoS 

nanosulfide 

p-cresol, 

anisole, and 

diphenyl ether 

Decalin 100 after 3 h 

(p-cresol) 

Batch, 300 °C, 40 bar, 

and 4 h  

Arene yield (98%) 50 

3 CoS2/MoS2 Creosol and 

phenol 

derivatives 

Dodecane 18-98 Batch, 250 °C, 40 bar, 

and 1 h 

For CoMo-0.3, 

toluene (99%) 

51 

4 MoS2 and 
CoMoS2 

Phenol n-decane 30-98 Batch, 350 °C, 28 bar, 
150 rpm, and 1 h 

See ref52 52 

5 Amorphous 

NiMoS 

Phenol n-decane 34.5-96.2 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%)  

53 

6 MoS2 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%) 

54 

7 NiMoW Guaiacol - 99 Continuous, 400 °C, 
28 bar, and WHSV = 

2.7 h-1 

Phenol (45%), 
creosol (15%), 

catechol (10%), 

and hydrocarbon 

(30%) 

49 

8 CoMoS 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%) 

43 

9 Ni-WMoS 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%) 

55 

10 NiMo(W)S 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%) 

56 

11 NiMoWS 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%) 

57 

12 MoP, MoS2, 

and MoOx 

4-methylphenol Decalin 30-100 Batch, 300 °C, 30 bar, 

800 rpm, and 5 h 

See ref58 58 

13 MoS2 (effect of 
adding CTAB) 

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

h 

See ref59 59 

14 NiMoS 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%) 

60 

15 Fe-MoS2 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%) 

61 
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2.5 Hydrotreatment of real bio-oils and lignin over sulfided catalysts 

The use of model compounds for an HDO reaction cannot fully represent the reactivity of biomass feedstocks. 

However, the use of model compounds allows quicker evaluation of a catalyst and the elucidation of reaction 

networks before examining the complex feedstock. This section presents a brief review of studies of the 

hydrotreatment of biomass feedstocks and lignin over sulfided catalysts, as summarized in Table 4.  

In contrast to the pyrolysis or gasification of solid biomass as described in Section 2.1, the one-pot hydrotreatment 

of lignin or biomass involves the simultaneous depolymerization of the complex structure of lignin into various 

oxygenated oligomers and fragments which then subsequently undergo full or partial deoxygenation reactions to 

yield deoxygenated aromatic and alkylphenolic monomers as illustrated in Figure 10. Besides, the depolymerized 

fragments from lignin may also repolymerize and form char. The undesired char byproducts are usually caused by 

the saturation and repolymerization of the free radicals formed during the cracking, hydrocracking, and 

condensation reactions. This one-step process is usually performed in the presence of a solvent under high 

hydrogen pressure and also high operating temperature. Joffres et. al studied the use of hydrogen donor solvents 

in the one-step hydrotreatment of wheat straw soda lignin over NiMoS/Al2O3
62. Their study highlighted that the 

use of hydrogen donor solvent such as tetralin is effective in depolymerizing lignin and also limit condensation 

reactions62. The low char production in their experiments can be explained by the stabilization of the free radicals 

resulting from the cleavage of the C-C or C-H bond during lignin depolymerization with the hydrogen radicals 

from tetralin62. Moreover, in a recent review by Stummann et. al, they highlighted that using a highly active catalyst 

regardless of the promoter types and support acidity, can suppress the char formation reactions resulting in lesser 

solid yield63.   A solvolytic oil from liquified lignocellulosic biomass has been hydrotreated in a batch reactor setup 

with different hydrogen donor solvents over a series of catalysts such as NiMo/Al2O3 catalysts in an oxide, reduced, 

and sulfided form and reduced Pd/Al2O3 or carbon64. The sulfided NiMo on alumina was found to give excellent 

liquid product yield with good rheological properties and gross calorific value64. Levec et. al., have studied the 

same liquified solvolysis oil hydrotreated using unsupported MoS2, Mo2C, MoO2, and WS2 catalysts65. They have 

reported the synthesis of urchin-like MoS2 interconnected with carbon materials through the sulfidation of Mo 

precursors, such as MoI3 and cyclopentadiene-MoCI4
65. Their work has demonstrated that the synthesized 

unsupported MoS2 gives a high selectivity for deoxygenation and possesses a three-times higher dehydroxylation 

rate than the commercially available bulk MoS2
65.  

Organosolv poplar lignin-derived oil has been subjected to depolymerization using MoS2 on activated carbon 

(AC), which resulted in high selectivity for alkylphenols (76.2%)66. The study highlights MoS2/AC as an effective 

catalyst in simultaneous depolymerization coupled with the demethoxylation of lignin fragments, which produces 

alkylphenols66. Another study has reported Kraft lignin hydrotreatment for the production of alkylphenols using a 

variety of sulfided Mo and W on various supports promoted by Ni and Co67. Sulfided NiW/AC has been found to 

efficiently depolymerize lignin and yielded 28 wt% of monomers. It also yielded 76% of alkylphenolics and 

guaiacolics in the course of an 8 h hydrotreatment67. The study highlights a few points about lignin 

depolymerization, and any additional upgrading, and concludes the following items: (i) sulfided catalysts were 

more active than the oxide catalysts, (ii) W metal was preferred than Mo, (iii) Ni is a better promoter than Co, and 

(iv) support plays an important role in achieving high product yields, and acidic supports promote char formation. 

Mukundan et. al. have studied the cleaving of C-C and C-O bonds in lignin using various model compounds and 
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Kraft lignin over NiMoS on carbon11. The catalysts demonstrated good activity in lignin depolymerization, 

resulting in low molecular compounds comprised of monomers and dimeric aromatics11. The excellent catalytic 

activity was mainly attributed to the absence of support metal interaction, which promotes the formation of the 

NiMoS phase for deoxygenation activity11.  

 

Figure 10. Reaction scheme of lignin hydroconversion over sulfided NiMo/Al2O3 adapted from reference62. 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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Table 4. Hydrotreatment of biomass feedstocks over sulfided catalysts.  

Entry Sulfided 
catalyst 

Feedstocks Solvent Conversion 
(%) 

Reaction conditions HDO product 
selectivity (%) and 

remarks 

Ref. 

1 Supported 
oxide, reduced 

and sulfided 

NiMo, Ni, Mo, 
and Pd 

Solvolyzed 
lignocellulosic 

biomass 

Hydrogen 
donor 

solvents 

(Tetralin, 2-
propanol, 

phenol, m-

cresol, 
anthracene, 

cyclohexanol, 

xylene, and 
pyridine) 

- Semi-continuous, 300 
°C, 80 bar, and 1 h 

See ref64 64 

2 Unsupported 

MoS2, MoO2, 

Mo2C, and WS2 

Solvolyzed 

lignocellulosic 

biomass 

Tetralin - Semi-continuous, 300 

°C, 80 bar, and 1 h 

See ref65 65 

3 Supported 

MoS2 

Organosolv 

poplar lignin oil 

Methylcycloh

exane 

- Batch, 300 °C, 30 bar, 

and 10 h 

Alkylphenol 

(76.2%), 

cycloalkanes 
(15.5%) and arenes 

(8.3%) 

66 

4 Supported NiW 
and NiMo 

Kraft lignin Supercritical
methanol 

- Batch, 320 °C, 35 bar, 
and 8 h 

See ref68 68 

5 Supported 

NiMo and 

CoMo 

Kraft lignin Solvent-free 65-91 Batch, 350 °C, 100 

bar, 1200 rpm, and 4 h 

See ref67 67 

6 CoMoS on 

alumina 

Wheat straw 

soda lignin 

Tetralin 91 Semi-continuous, 350 

°C, 80 bar, 800 rpm, 

and 13 h 

See ref69,70 69,70 

7 NiMoS2 on 
carbon 

Lignin model 
compounds and 

Kraft lignin 

Dodecane - Batch, 300 °C, 50 bar, 
catalyst:feed ratio = 

1:10, and 3 h 

For Kraft ligin 
experiment, total 

monomer yield 

(18.98%) 

11 

8 Commercial 

sulfided NiMo 

Wheat/barley 

straw bio-oil 

- - Continuous, 340 °C, 

40 bar, feed flow rate 

g.h-1, and TOS of 80 h 

See ref71 71 

9 NiMoS/Al2O3 Wheat straw 
soda lignin 

Tetralin/Dode
cane 

71-35 Batch, 350 °C, 80 bar, 
800 rpm, and 1/14/28 

h 

See ref62 62 
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3 Experimental 

This chapter of the thesis describes the catalysts synthesis methods for both studies (Papers I and II), catalyst 

characterization methods, catalytic test measurements, and product analysis. 

3.1 Catalyst synthesis 

3.1.1 Supported sulfided catalysts 

Unpromoted Mo supported on γ-alumina was prepared using a conventional wet impregnation method following 

the procedure reported earlier by our group72. This unpromoted Mo γ-alumina-supported catalyst was then further 

loaded with a second transition metal, such as Nickel (Ni), Zinc (Zn), Iron (Fe), or Copper (Cu), via a conventional 

incipient wetness impregnation method. For instance, a solution of 3 wt.% of Ni(C5H7O2)2 in 20 mL of ethanol 

was first prepared for the Ni-promoted catalyst. The unpromoted Mo supported on γ-alumina catalyst was 

dissolved in 25 mL of ethanol. The nickel precursor solution was added dropwise to the solution of the Mo catalyst 

prepared in the previous step. 10 mL of ethanol was used to wash off the residue in the beaker containing the Ni 

precursor solution to ensure that all solutions had been transferred. The catalyst slurry was then stirred overnight 

under a fume-hood to evaporate all the ethanol. The dry catalyst was calcined at 400 °C for 4 h in air. The same 

procedure was followed for the preparation of FeMo, ZnMo, and CuMo on γ-alumina. Iron (III) acetylacetonate 

(99%), Fe(C5H7O2)3, Zinc acetylacetonate hydrate (99.995%), and copper (II) nitrate hemi pentahydrate (98%) 

were used as Fe, Zn, and Cu precursors, respectively. These catalysts were sulfided before the catalytic test and 

will from this point on be denoted as the Mo, NiMo, ZnMo, FeMo, and CuMo catalysts.  

3.1.2 Unsupported sulfided catalysts 

A facile hydrothermal synthesis inspired by various studies was followed in the second study to prepare an 

unsupported MoS2
73,46. The preparation steps were modified taking into account the different apparatus available 

in our laboratory. 0.35 g of ammonium heptamolybdate tetrahydrate (>99%) and 1.3 g of thiourea (>99%) were 

both first dissolved in 55 mL of distilled water with gentle stirring. The pH of the solution was then adjusted to 

0.8 using hydrochloric acid (35 wt.%). This pH alteration step was omitted for one catalyst sample to evaluate the 

influence of pH adjustment on catalyst properties. After the pH adjustment, the mixed solution was divided equally 

and transferred to a 70 mL Teflon liner. The filled Teflon liner was then placed and sealed in a stainless-steel 

autoclave. The mixed solution was heated to 200 ˚C in an oven for either 12 h or 24 h; it took 20 minutes for the 

oven to reach the desired temperature. After 12 h or 24 h of heating, the oven was cooled to room temperature, 

and the as-synthesized catalyst (black in color) was collected by filtering and washing the resulting solution in the 

Teflon liner several times with absolute ethanol. The filtered and washed catalyst was covered and dried under 

vacuum at 50 ˚C overnight. After vacuum drying, the freshly prepared as-synthesized catalysts were tested in the 

model reaction without any further treatment. These as-synthesized catalysts were denoted as MoS2-12 and MoS2-

24, corresponding to the synthesis time. For a second set of samples, the as-synthesized catalysts underwent an 

annealing pre-treatment at 400 ˚C for 2 h under nitrogen flow prior to their implementation in the model reaction. 

These pretreated catalysts were then denoted as MoS2-12a or MoS2-24a. Commercially available bulk MoS2 from 

Sigma-Aldrich in powdered form with a particle size of ~6 µm (max. 40 µm) and a sulfided Mo-supported catalyst 

were also used in the second study for comparison. 
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3.2 Kinetics measurements 

The HDO kinetics measurement experiments were carried out in a 300 mL stainless steel batch reactor (Parr 

instruments). The reactor was equipped with a magnetically driven internal stirrer, an inlet that was connected to 

an H2/N2 gas line, an outlet for gas release, and a sampling line for reaction sample collection (0.5 – 2 mL). The 

reactor set-up is shown in Figure 11.   

 

Figure 11. The batch reactor set-up.  

Prior to the activity test, 0.5 g of catalyst was sulfided in the batch reactor using 0.5 mL of dimethyl disulfide 

(≥99.5%, Sigma-Aldrich) with 20 bar of H2 at 340 °C for 4 h. The reactor was loaded with 1 g of reactant, 0.5 g 

of pre-sulfided catalyst, 0.1 mL of DMDS, and 100 mL of dodecane for a typical experiment. After loading the 

reactor with all the reactants, the reactor was first flushed with N2 three times to remove air, followed by three 

flushings at 5 bar of H2. The final reaction conditions for all experiments were set at 300 °C, 50 bar H2 pressure, 

and 1000 rpm. Reaction samples were collected at 0.5 h, 1 h, 2 h, 3 h, 4 h, and 5 h. The sampling line was purged 

with N2 before collecting the reaction sample. After each reaction sample collection, a small drop in pressure of 

approx.. 1 bar was observed. The pressure drop was immediately compensated by repressurizing the reactor to 

maintain the same pressure. When the reaction was finished, the reactor was rapidly cooled to room temperature 

with a water bath. The spent catalyst was recovered, filtered, centrifuged, and washed with acetone to remove 

adhering reactants and products. It was then dried under atmospheric conditions for further analysis. The same 

procedures were followed in the second study. However, 66 mg of unsupported catalyst was used in these 

experiments.  

Part of the first and second studies involved the hydrotreatment of Kraft lignin (KL). The hydrotreatment reaction 

was carried out in the same batch reactor described above. Prior to the reaction experiment, the reactor was loaded 

with 0.75 g of catalyst, 2.25 g of KL (Sigma-Aldrich), and 75 mL of hexadecane as a solvent. The catalyst and 

lignin mass ratio was maintained at 1:3. The final reaction conditions were 340 °C, a total of 70-76 bar of H2 

depending on the catalyst used, and 1000 rpm. The hydrotreatment reaction was monitored for 5 h once the reaction 

temperature was reached. The heating period took approx. 40 minutes to reach the desired temperature. No reaction 
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samples were collected for these experiments. When the reaction was completed, all reaction products in liquid 

form and solid residues were collected in a glass bottle for product analysis.  

3.3 Product analysis 

The liquid reaction samples were analyzed with a GC-MS (Agilent 7890-5977A). The GC-MS was equipped with 

a non-polar HP-5 column (30 m × 250 µm × 0.25 µm), a Flame Ionization Detector (the setpoint was 335 °C), and 

mass spectroscopy for compound identification via the NIST library. The initial oven temperature was 100 °C for 

1 minute and then the temperature was increased to 190 °C at a rate of 10 °C/min. The temperature was increased 

to 300 °C at a heating ramp of 30 °C/min and was maintained constant for 1.333 minutes.  

External calibration curves were obtained for 4-propylguaiacol, propylcyclohexane, 4-propylphenol, 

propylbenzene, 4-propylresorcinol, 1,2-dimethoxy-4-propenylbenzene, gamma terpene, 4-tertbutylanisole, and 2-

methyl-6-propyl phenol using commercial chemicals.  

The unit for the concentration of reactant and reaction products is expressed in molar percent (mol%). The 

following definitions were used in this study: 

PG conversion was calculated as  

𝐶𝑃𝐺(%) =  
𝐶0 − 𝐶𝑡

𝐶0

× 100 
(1) 

where C0 is the initial concentration of PG and Ct is the concentration of PG at the reaction time equal to t. 

Reaction product yields were calculated as  

𝑌𝑝𝑟𝑜𝑑𝑢𝑐𝑡(%) =  
𝐶𝑝𝑟𝑜𝑑𝑢𝑐𝑡,𝑡

𝐶0

 × 100 
(2) 

where Cproduct, t is the concentration of the reaction product at the reaction time t.  

Reaction product selectivities were calculated as  

𝑆𝑝𝑟𝑜𝑑𝑢𝑐𝑡(%) =  
𝐶𝑝𝑟𝑜𝑑𝑢𝑐𝑡,𝑡

𝐶0 − 𝐶𝑡

 × 100 
(3) 

The molar balance was calculated to evaluate the material balance in the liquid phase of the HDO reaction. The 

molar balance was calculated by dividing the sum of the concentration of all identified reaction products and the 

initial feed at reaction time t by the concentration of the initial feed at time zero. The carbon balance on the liquid 

phase was checked for all reported experiments and found to be in the range between 95% and 99%. The missing 

carbon from the balance calculations could be attributed to the experimental errors and also small amounts of light 

hydrocarbons and carbon oxide byproducts in the gas phase after the reaction.  

The same GC-MS was used in the second study to analyze the bio-liquid products from the catalytic 

hydrotreatment of KL. The initial GC oven temperature was 50 °C for 5 minutes and then the temperature was 

increased to 300 °C at a rate of 10 °C/min. This was maintained constant for 5 minutes. The solid residues obtained 

from the filtration of the bio-liquid were washed first with acetone and then dried in an oven at 80 °C overnight. 

The unconverted lignin retained in the dried solid was dissolved with dimethyl sulfoxide (DMSO) washing. After 

dissolving the unconverted lignin with DMSO, the solid product was dried again in the oven at 80 °C overnight.   
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The bio-liquid products were also in some cases analyzed with 2D GC × GC-MS-FID (Agilent 7890B) gas 

chromatography equipped with an oven, a flow splitter, a modulator, and a flame ionization detector. The injector 

temperature was 280 ˚C and the sample injection volume was 1 µL. Helium gas was used as a carrier gas with a 

flow rate of 1 mL/min with a split ratio of 30. The chromatographic separation involved two columns: a mid-polar 

phase column VF-1701MS (30 m × 250 µm × 0.25 µm) and a non-polar phase column DB-5MS UI (1.2 m × 150 

µm × 0.15 µm). Modulation time on the modulator was 8 s. The oven temperature was initially set at 40 °C for 1 

min and then heated up to 280 °C at a rate of 2 °C/min. The flame ionization detector temperature was set at 250 

°C. The hydrogen flow rate was 30 mL/min and the airflow rate was 350 mL/min. The analysis was performed 

using the GCImage software for multidimensional chromatography. The individual product selectivity in the liquid 

was calculated by dividing the corresponding MS blob volume of the product by the total MS blob volume for all 

identifiable products in the liquids. 

The initial solid residues obtained after filtration should contain spent catalyst, solid char, and unconverted lignin. 

The weight of the solid was recorded after each drying. Kraft lignin conversion was calculated based on the 

difference between the initial Kraft lignin feed and the unconverted lignin divided by the initial lignin feed.  

Char amount (g) = Total solid residues (g) – 0.75 g of catalyst – unconverted lignin (g) 

Char yield (%) = Char amount (g) /2.25 g of initial Kraft lignin feed × 100% 

3.4 Catalyst characterizations 

3.4.1 Nitrogen (N2) physisorption 

Textural properties, such as specific surface area, pore volume, and the pore size of the catalysts, were measured 

with N2 physisorption at -196 °C using a Tristar 3000 gas analyzer. The supported catalysts (approximately 0.3 g) 

were degassed in a quartz tube at 250 °C for 2 h under N2 flow to remove moisture, and the unsupported catalysts 

(approximately 0.15 g) were degassed at 300 °C overnight. The specific surface area and pore sizes of the catalysts 

were calculated by the Brunauer-Emmett-Teller (BET) method and Barrett-Joyner-Halenda (BJH) method, 

respectively. 

3.4.2 X-ray powder diffraction (XRD) 

XRD was used to identify the crystalline phases of the synthesized catalysts in this work. X-ray diffractograms for 

all catalysts were obtained using an X-ray powder diffractometer operated at 40 kV and 40 mA (Bruker AXSD8 

Advance) with a CuKα monochromatic radiation (λ=1.542A°) source in the 2θ range of 10°-80°. 

3.4.3 X-ray photoelectron spectroscopy (XPS) 

The chemical state and composition of the catalysts were measured with XPS. The measurements were carried out 

using a Perkin Elmer PHI 5000 VersaProbe III Scanning XPS Microprobe. The monochromatic Al-Kα X-ray 

source with a binding energy of 1486.6 eV was operated in the analysis chamber. The core-level spectra of Mo 3d, 

O1s, S2p, and C1s were recorded with a step size of 0.1 eV. The software Casa XPS with the C1s binding energy 

at 284.8 eV as a reference was used to analyze the raw data with a Shirley background.  

3.4.4 Raman spectroscopy 

Raman spectra were obtained using a WITec alpha300 R Confocal Raman microscope equipped with a 

thermoelectrically cooled (-60 °C) EMCCD detector. A 532 nm CW diode laser at 0.3 mW was used for excitation 

and the light was focused on the sample with a 100X/NA0.9 objective. The Raman scattering was collected using 
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the same objective and was spectrally resolved using an 1800 groves/nm grating. The position of the Raman spectra 

bands was calibrated using the silicon peak at 519.3 nm. 

3.4.5 Electron microscopy (SEM & TEM) 

The morphologies and structure of the catalysts were investigated using scanning and transmission electron 

microscopy, SEM, and TEM. The SEM images for the unsupported MoS2 in the second study were acquired using 

a JEOL 7800F Prime scanning electron microscope. The particle diameter of over two hundred MoS2 particles 

from the SEM images was measured with ImageJ software and further calculated to obtain the average particle 

sizes.  

The TEM images for both studies were acquired using an FEI Titan 80-300 transmission electron microscope 

(TEM) operated at an accelerating voltage of 300 kV. A high-angle annular dark-field (HAADF) was used to 

acquire scanning TEM (STEM) images. Energy dispersive X-ray (EDX) analysis was performed using an Oxford 

X-sight detector in STEM mode to identify the chemical elements in the catalyst samples. TEM Imaging & 

Analysis (TIA) software was used for data analysis and spectrum acquisition. 15-25 representative images were 

used for data analysis. The ImageJ software was used to measure and process approximately 300-350 MoS2 slabs.  

The following equations were used to calculate the average MoS2 slab length (∆L) and stacking number (∆n)74: 

Average MoS2 slab length (∆L) =  
∑ 𝑥𝑖𝑙𝑖

𝑛
𝑖

∑ 𝑥𝑖
𝑛
𝑖

 (4) 

Average stacking number (∆n) =  
∑ 𝑥𝑖𝑁𝑖

𝑛
𝑖

∑ 𝑥𝑖
𝑛
𝑖

 (5) 

where i is the total number of MoS2 slabs. xi is the number of MoS2 slabs with Ni layers of length li. Ni is the 

stacking number, and li is the MoS2 slab length.  

We also calculated the MoS2 dispersion (fmo) of the catalysts with the following equation reported in the 

literature74:  

MoS2 dispersion (fmo) =
𝑴𝒐𝒆𝒅𝒈𝒆

𝑴𝒐𝒕𝒐𝒕𝒂𝒍
=  

∑ 𝟔(𝒏𝒊−𝟏)𝒎
𝒊

∑ (𝟑𝒏𝒊
𝟐−𝟑𝒏𝒊+𝟏)𝒎

𝒊
 

(6) 

where Moedge is the number of Mo atoms located on the edges of the MoS2 slabs, and Mototal is the total number of 

Mo atoms. ni is the number of Mo atoms along the edge of the MoS2 slabs with its length obtained by calculation 

(L = 3.2(2ni -1) Å), and m is the total number of MoS2 slabs obtained from the TEM images of different catalysts.   

The edge-to-corner ratio of MoS2 slabs was calculated based on the following equation75: 

𝒇𝒆𝒅𝒈𝒆

𝒇𝒄𝒐𝒓𝒏𝒆𝒓

=  
5∆𝐿

3.2
− 1.5 

(7) 
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4 Results and discussion 

This chapter presents the results and a discussion based on the two independent studies presented in Papers I and 

II. In the first study (Paper I), the effect of Ni, Fe, Zn, and Cu on a conventional MoS2 supported on γ-alumina 

catalyst was studied in a model reaction, the HDO of PG at 300 °C, 50 bar H2 pressure, and 1000 rpm for 5 h. The 

PG conversion, reaction product yield, and selectivity for all catalyst systems were examined. The characterization 

results are reported here to explain the different properties of the catalysts. We proposed a reaction network for 

the HDO of PG over the sulfided catalysts, and kinetic modeling was performed to validate the experimental data. 

The influence of the impregnation of the transition metals on the rates of different reactions in the HDO of PG was 

studied. In the second study (Paper II), the activity and selectivity of the as-synthesized and annealed unsupported 

MoS2 catalysts prepared using a hydrothermal method were studied for the HDO of PG. The effect of synthesis 

parameters, such as synthesis time and pH adjustment, on the unsupported MoS2 catalyst, were investigated. The 

activity of an annealed unsupported MoS2 catalyst in the hydrotreatment of Kraft lignin was demonstrated. A 

comparison was made between a bulk MoS2 catalyst in the HDO of PG and the hydrotreatment of Kraft lignin. 

4.1 Role of transition metals on MoS2-based supported catalysts for hydrodeoxygenation (HDO) of 

Propylguaiacol 

4.1.1 HDO of PG over supported Mo sulfided catalysts 

The effect of Ni, Fe, Zn, and Cu on γ-alumina-supported MoS2 was studied using the HDO of PG in a batch reactor. 

Figure 12 shows the conversion of PG for Mo, NiMo, FeMo, ZnMo, and CuMo sulfided catalysts. Complete PG 

conversion was obtained after 2-3 hours for all catalysts (Figure 12).  

 

Figure 12. PG conversion (%) versus time (h).  Reaction conditions: 300 °C, 50 bar H2, 1000 rpm, and 5 h reaction. 

One hour was the reference time for comparison, and a 91% PG conversion was achieved for the sulfided Mo 

catalyst, which was the highest conversion of all the catalysts. In contrast, the NiMo sulfided catalyst showed a 

74% PG conversion after 1 h. A decrease in the PG conversion after 1 h was observed in the order of Mo > ZnMo 

> CuMo > FeMo > NiMo.  The results show that the bimetallic catalysts had a lower conversion after 1 h; the 

NiMo had the lowest conversion.  The lower conversion for the bimetallic catalysts at the earlier stage of the 

reaction (1-2 h) can be attributed to the slower rate in the demethoxylation of PG, forming 4-propylphenol as the 
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first step in the deoxygenation route. Different reactions, such as demethoxylation, dehydroxylation, 

hydrogenolysis, hydrogenation, transalkylation, and isomerization, occurred at different times during the 5-hour 

reaction. A pool of products was formed, including partially deoxygenated compounds such as phenolics, 

deoxygenated aromatics, and cycloalkane compounds. To facilitate the analysis, the reaction products and 

intermediates were grouped into different classes that included compounds with two oxygen atoms, phenolics, 

aromatics, and cycloalkanes, as listed in Figure 13. 

 

Figure 13. Classes for reaction products and intermediates from HDO of PG: oxygenate intermediates and 

hydrogenation and HDO reaction products. 

The evolution of products and intermediates versus reaction time for the HDO of PG over all the studied catalysts 

is illustrated in Figure 14. The demethoxylation of PG that formed 4-propylphenol was the first step in the 

deoxygenation route as the yield of the phenolics (mainly 4-propylphenol) increased to a maximum after 1-2 hours 

reaction time. The suppression of the yield of phenolics that occurred afterward can be explained by the 

dehydroxylation of 4-propylphenol, which underwent hydrogenation and produced propylcyclohexane and 

propylcyclohexene. It has been reported in the literature that intermediates such as 4-propylcyclohexanone, 

resulting from the keto-enol tautomerization of partially hydrogenated 4-propylphenol, have been found in the 

HDO of isoeugenol using non-sulfided catalysts76,77. However, we did not find 4-propylcyclohexanone when 

sulfided catalysts were used, indicating that the primary route for the formation of propylcyclohexane was from 

the dehydroxylation of 4-propylphenol and the further hydrogenation of propylbenzene. This result implies that 

direct deoxygenation (DDO) is the dominant deoxygenation pathway for HDO of PG over these bimetallic sulfided 

catalysts which was consistent with the findings from literature studies31,43. Trace amounts of two-oxygen-atom 

compounds, such as 4-propylcatechol and 1,2-dimethoxy-4-propylbenzene, were detected after 30 minutes for all 

catalysts and were suppressed after 2-3 hours (see Figure 14). 9% of oxygenates were found in the liquid products 

when using sulfided Mo catalysts, and 19% were found when using NiMo catalysts after 30 minutes.  
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The yield of deoxygenated cycloalkanes was studied for each catalyst (see Figure 14). The cycloalkanes detected 

in all the experiments included propylcyclohexane, propylcyclohexene, propylcyclopentane, 1-methyl-2-

propylcyclopentane, 1-methyl-2-propylcyclohexane. Propylcyclohexane was the major compound detected in all 

the catalyst systems. The production of deoxygenated cycloalkanes dominated in the latter part of the reaction for 

all catalysts, except for the CuMo catalyst. For example, a 70.2% cycloalkane yield was achieved for the Mo 

catalyst after 5 h, as shown in Figure 14(a). 4.5% of 1-methyl-2-propylcyclopentane was formed after 5 h, which 

resulted from the ring contraction that occurred during the reaction in addition to deoxygenation and ring 

hydrogenation. The same cyclopentane-derived compound was obtained for the NiMo, ZnMo, and FeMo catalysts, 

which gave a final yield of 3%, 4.6%, and 4.5%, respectively. A comparison between the catalysts showed that 

the sulfided NiMo catalyst gave the highest yield of deoxygenated cycloalkane at 94%. In contrast, the total 

deoxygenated cycloalkane yield was 58.1%, 67.2%, and 44.4% for FeMo, ZnMo, and CuMo catalysts, 

respectively. The results show that the sulfided NiMo catalyst was the most efficient at deoxygenation of all 

catalysts, and the impregnation of Fe, Zn, and Cu slowed the deoxygenation rate; Cu was the most inefficient. The 

better HDO activity for the NiMo catalyst was attributed to the high dispersion of active particles, as found from 

the TEM analysis in Section 4.1.2. However, a better MoS2 dispersion may not be the only deciding factor to 

achieve better HDO activity when relating the catalytic activity results obtained using ZnMo, FeMo, and CuMo 

sulfided catalysts in HDO of PG. For instance, the ability of the added metal to interact with Mo and promote the 

formation of sulfur vacancy sites may be of primary importance78.  

All classes of compounds produced using HDO were considered during the study. It is worth mentioning the 

importance of the production of aromatic compounds as they can be blended with gasoline to improve the octane 

number79. Aromatic compounds can serve as an important feedstock for bulk chemical production80. Figure 14a) 

shows that the Mo catalyst reached a final yield of aromatic compounds of 12% which contains propylbenzene 

and 1-methyl-3-propylbenzene. The sulfided FeMo and ZnMo catalysts afforded a final deoxygenated aromatic 

yield of 16% and 19%, respectively. In contrast, the high aromatic hydrogenation activity for sulfided NiMo 

catalysts resulted in only 7% of deoxygenated aromatics. The results show that the incorporation of Fe and Zn into 

the traditional hydrotreating catalyst can suppress the hydrogenation activity of the catalyst, yielding more 

deoxygenated aromatics. The sulfided Mo catalyst provided a deoxygenated compound yield of 82.1%. The 

sulfided NiMo catalyst exhibited complete deoxygenation after 5 h. The deoxygenated compounds yield was 

86.6%, 74.3%, and 50.1% for sulfided ZnMo, FeMo, and CuMo catalysts, respectively. These findings indicate 

that the sulfided NiMo catalyst was able to deoxygenate efficiently, while the sulfided ZnMo catalyst was able to 

improve PG deoxygenation better than the sulfided Mo catalyst. In contrast, the sulfided FeMo and CuMo catalysts 

repressed the formation of deoxygenated compounds.  

The evolution of phenolics was investigated for all catalyst systems. Figure 14b) shows that the yield of phenolics 

reached a maximum of 34% after 2 h for NiMo catalysts. The Mo catalyst had a maximum yield of 44% of 

phenolics, as shown in Figure 14a). This result explains the faster demethoxylation rate of PG for the unpromoted 

catalysts than for the Ni-promoted catalyst. The same result was found for sulfided ZnMo (Figure 14d)), which 

had a 36% yield after 1 h. CuMo sulfided catalysts had a steady increase in phenolic yield to 53.8% in 3 h (Figure 

14c)), but the final yield was 47%. The sulfided FeMo catalyst (Figure 14e)) had a maximum of 54% phenolic 

yield after 2 h, and this decreased to 26% at the end of the reaction. The sulfided CuMo catalyst had the highest 

phenolic yield, implying that it had the lowest deoxygenation activity of all the sulfided catalysts.   
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Figure 14. Reaction product evolution for HDO of PG over (a) Mo, (b) NiMo, (d) ZnMo, and (e) FeMo catalysts. 

Reaction conditions: 300 °C, 50 bar H2, 1000 rpm, and 5 h reaction. Markers present the experimental points.  
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4.1.2 Catalyst characterization 

The metal loadings and textural properties of the as-synthesized catalysts were verified with ICP-MS and N2 

physisorption, as shown in Table 5. The specific surface area and pore volume of the catalysts were reduced after 

the metal impregnation, indicating pore blockage.  

Table 5. Elemental composition (wt%) and N2 physisorption results for the as-synthesized catalysts.  

Catalyst Elemental 

composition, (wt%) 

 N2 physisorption 

 Mo Ni Cu Fe Zn Sa
* Vp

* dp
* 

Mo 13.2 - - - - 155 0.36 93.2 

NiMo 13.4 3.47 - - - 133 0.29 87.2 

CuMo 12.4 - 3.32 - - 144 0.32 89.2 

FeMo 12.3 - - 2.47 - 139 0.34 97.7 

ZnMo 11.0 - - - 2.23 141 0.34 96.3 
*Sa = BET surface area (m2g-1), Vp = Pore volume (cm3g-1), dp = Average pore size (Å) 

The XRD patterns in Figure 15 represent the freshly sulfided catalysts and γ-alumina. All diffraction peaks 

corresponding to γ-alumina were visible in all catalysts81. In contrast, there were no diffraction peaks related to 

MoS2, indicating a well-dispersed MoS2 phase on the support and lower crystallinity for the supported catalysts. 

Metal sulfided phases, such as NiS, FeS, FeS2, and CuS, were not identified in the diffractograms, which could 

mainly be attributed to the low metal loading of the catalysts. Interestingly, the sulfided ZnMo catalyst had three 

characteristics peaks at 2θ = 28.6°, 47.6°, and 56.5°, corresponding to (111), (220), and (311) planes, showing the 

presence of the ZnS phases82.  

 

Figure 15. XRD analysis for all sulfided catalysts and alumina.  

XPS measurements were performed to understand the chemical and electronic state of the sulfided catalysts. All 

representative spectra for the sulfided catalysts are shown in Supporting Information in Paper I. Table 6 shows the 

Mo degree of sulfidation for all sulfided catalysts. This was calculated based on the contribution of Mo4+ over the 

total Mo species (Mo4+, Mo5+, and Mo6+) determined from the Mo 3d core-level spectrum. The presence of Mo5+ 

and Mo6+ was attributed to the surface re-oxidized MoS2 during the analysis and the incomplete sulfidation of the 
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catalysts. Ni species, such as Ni2+, NiMoS, and NiSx, were visible in the Ni 2p spectrum of the sulfided NiMo 

catalyst83. Cu+ species and pure Cu metal were visible in the Cu 2p spectrum of the sulfided CuMo catalyst84. The 

Fe 2p spectrum also had binding energies of Fe2+ and Fe3+, indicating the presence of both species61. Characteristic 

peaks corresponding to Zn2+ species were visible, corroborating the results from XRD and showing the presence 

of ZnS.  

Table 6. Mo 3d XPS results for supported sulfided catalysts 

  Binding energy (eV) 

Catalyst Mosulfidation (%) Mo4+ Mo5+ Mo6+ 

  3d5/2 3d3/2 3d5/2 3d3/2 3d5/2 3d3/2 

Mo 69.2 228.7 231.8 - - 232.4 235.5 

NiMo 57.9 229.3 232.4 - - 232.5 235.6 

CuMo 28.4 229.3 232.4 230.6 233.7 233.7 236.9 

FeMo 92.3 229.1 232.5 - - 233.7 236.1 

ZnMo 83.1 228.9 232.1 - - 233.7 235.6 

 

The morphologies of all sulfided catalysts were examined with TEM, as shown in Figure 16. Typical linear and 

curvy MoS2 black fringes scattered around were visible in all TEM images, as shown in Figure 16(a-e). The 

interplanar distance of 0.64 nm corresponding to the characteristic basal plane of MoS2 can be seen in the TEM 

images. Table 7 presents the statistical results for the average slab length and average stacking layer for MoS2, 

MoS2 dispersion, and the edge-to-corner ratio for a MoS2 slab. The distributions for the number of MoS2 stack 

layers and slab lengths are shown in Figure 17. The number of stacks in all the catalysts was in the range from one 

to six; one was the most frequent. Slab lengths were mostly between 4 nm and 6 nm. It is clear that the doping of 

different metals on the Mo catalyst reduced the slab length and increased the stacking layer of MoS2, as shown in 

Table 7. This could result from the metal species hindering the growth of MoS2 fringes during sulfidation. Overall, 

the increase in the average stacking layer of the metal-doped catalysts and the reduction in slab lengths improved 

the dispersion of MoS2. The better dispersion of MoS2 was also confirmed by the absence of MoS2 peaks in the 

XRD analysis. Improvement in MoS2 dispersion also increased the exposure of active edges to the catalytic 

reaction.  Elemental mapping was performed on a selected area at the edge of the NiMo catalysts, as shown in 

Figure 16(f), and the results indicate that there was an even distribution of Ni, Mo, and S elements on the catalyst 

surface. The better dispersion of the active particles for NiMo catalyst as compared to the base Mo catalyst may 

contribute to improved HDO activities, as demonstrated by the NiMo catalyst in Section 4.1.1. 

Table 7. TEM analysis of sulfided catalysts. 

Sulfided 

Catalysts 

Average slab length 

(∆L), nm 

Average stacking 

degree (∆n) 

MoS2 Dispersion 

(fMo) 

Mo edge-to-corner 

ratio (fedge/fcorner)Mo 

Mo 5.643 1.952 0.139 7.317 

NiMo 5.099 2.162 0.146 6.467 

CuMo 5.018 1.958 0.153 6.341 

FeMo 5.145 1.870 0.149 6.539 

ZnMo 4.232 2.074 0.168 5.113 
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Figure 16. TEM images of (a) Mo, (b) NiMo (c) CuMo, (d) ZnMo, (e) FeMo sulfided catalysts, and (f) HAADF 

STEM-EDX images of NiMo sulfided catalyst. 

 

Figure 17. The (a) number of stacks and (b) distribution of MoS2 slab lengths for all sulfided catalysts. 
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4.1.3 Modeling the reaction network for HDO of PG over sulfided catalysts 

A reaction network for the HDO of PG over different sulfided catalysts was proposed, as shown in Scheme 3 based 

on the kinetics results and research articles on phenolics HDO. Under the studied reaction parameters, PG 

underwent demethoxylation, producing 4-propylphenol as a major intermediate that was seen in all the catalytic 

reactions. A trace amount of two-oxygen-containing compounds, such as 4-propylcatechol and 1,2-dimethoxyl-4-

propylbenzene, were also visible at the onset of the reaction, but when the reaction had progressed, the 

corresponding yield of these compounds decreased. Since the concentration of these compounds was low at the 

beginning of the reaction, they were lumped together as a sum to study the evolution of such products. The 

production of dimethoxyl-4-propylbenzene can be explained by the intermolecular transfer of the methyl group to 

the hydroxyl group85,86. 4-propylphenol was then further converted to propylbenzene through hydrogenolysis and 

deoxygenation reactions. Deoxygenated cycloalkanes, such as propylcyclohexane, were formed through the 

hydrogenation of propylbenzene. A partially hydrogenated compound like propylcyclohexene was also observed 

during the reaction. Some alkylated products, such as 4-(1-methylpropyl)phenol and 1-methyl-3-propylbenzene, 

were detected in low concentrations during the reaction87. Different reaction products detected during the 5 h 

reaction were grouped into phenolics, partial HDO products, deoxygenated cycloalkanes, and aromatics, as shown 

in Figure 13.  

One of the objectives of this study was to understand the reaction network of bio-oil model compounds when 

sulfided catalysts are used. Another objective was to study how the doping of different transition metals into 

conventional hydrotreating catalysts can affect the rates of different reactions that take place during the HDO of 

PG. Hence, a simple modeling study of the HDO of PG was performed based on the kinetic results obtained in the 

experimental work. Several studies have reported the kinetics for phenolics HDO using zirconia-supported Rh 

catalysts88, Pt- and Ir-modified bifunctional catalysts89, carbon-supported metal catalysts90, and sulfated Ni 

promoted zirconia on SBA-1577. Studies on the reaction behaviors of phenolics using sulfided catalysts coupled 

with modeling are scarce. 

A simple pseudo-first-kinetic model was used to fit the experimental data for the PG HDO obtained in the batch 

setup. The low complexity and the low numbers of parameters to be estimated were the reason for the model 

selection. The hydrogen concentration and catalyst mass in all experiments were assumed to be constant 

throughout the reaction and were lumped together in the apparent rate constants, as listed below in the rate 

equations. All reaction parameters were kept constant for all experiments for comparable kinetic constants.  

The development of the kinetic model first involved the construction of a simple model by considering a simplified 

route as ‘a: 4-propylguaiacol → b: 4-propylphenol → c: propylbenzene → d: propylcyclohexane’ based on the 

proposed reaction route in Scheme 3. The rate equation corresponding to each reaction was defined as follows:  

𝑟1 =  𝑘1𝑐𝑎          (8)                                                                                                                    

𝑟2 =  𝑘2𝑐𝑏                                    (9)                                                                                                                                                         

𝑟3 =  𝑘3𝑐𝑐              (10)                                                                                                                  

A set of ordinary differential equations (ODE) for the batch reactor material balance was considered: 

𝑑𝐶𝑎

𝑑𝑡
= − 𝑟1                   (11)     
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𝑑𝐶𝑏

𝑑𝑡
= − 𝑟2 + 𝑟1        (12)                                                                           

𝑑𝐶𝑐

𝑑𝑡
= − 𝑟3 + 𝑟2                  (13)                                                         

𝑑𝐶𝑑

𝑑𝑡
= 𝑟3          (14)                                                                                                       

 

These ODEs were then solved numerically with the MATLAB ode15s function. Experimental results for the 

kinetic model were fitted to estimate the kinetic constant for all involved reactions during the HDO of PG. The 

residual sum of squares (SSres) was minimized and defined as follows: 

SSres = ∑(𝐶𝑒𝑥𝑝,𝑡 − 𝐶𝑚𝑜𝑑𝑒𝑙,𝑡)2       (15) 

where 𝐶𝑒𝑥𝑝,𝑡 is the concentration of different reaction products obtained from experimental values, and 𝐶𝑚𝑜𝑑𝑒𝑙,𝑡 is 

the estimated concentration from the kinetic model.  

The coefficient of determination (R2) was defined as follows: 

R2 = (1 −
∑(𝐶𝑒𝑥𝑝,𝑡−𝐶𝑚𝑜𝑑𝑒𝑙,𝑡)2

∑(𝐶𝑒𝑥𝑝,𝑡−𝐶𝑚𝑒𝑎𝑛)2 ) × 100     
(16)                                                              

where 𝐶𝑚𝑒𝑎𝑛 is the mean value of the parameter. The coefficient of determination was used as an indication of the 

feasibility of the kinetic model when applied to all sulfided catalyst systems.  

 

 

Scheme 3. A proposed reaction network for HDO of PG over different sulfided catalysts.  

Figure 18 shows the kinetic fitting results obtained using the simplified kinetic model and illustrates the 

concentration trend of PG, 4-propylphenol, propylbenzene, and propylcyclohexane. The plot of the simplified 

kinetic model was able to describe the deoxygenation route of PG. The deoxygenation route for PG first involved 

the cleaving of the methoxy group and followed by the formation of propylphenol, then there was a further cleaving 

of the hydroxyl group, which produced propylbenzene. 90.5% of the coefficient of determination was obtained for 

this simple model, indicating a good description of experimental data. However, the side reactions were omitted 

from this model, and some clear deviations in the data points can be seen in Figure 18.  
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Figure 18. Product concentration profiles for PG HDO over sulfided NiMo catalyst using the simplified model. A: 

PG, B: 4-propylphenol, C: Propylbenzene, and D: Propylcyclohexane. The solid line represents the modeling 

results, and the symbol represents the experimental results.   

The simplified model was then improved by considering all the side reactions that occurred during the HDO of 

PG as shown in Scheme 3. A full set of rate equations was defined for the side reactions as follows: 

𝑟4 =  𝑘4𝑐𝑎                    (17)                                                                                                                                                                         

𝑟5 =  𝑘5𝑐𝑓                      (18)                                                                                                                                                                                                                                                                                                                                                                                                                         

𝑟6 =  𝑘6𝑐𝑎                 (19)                                                                                                                                                                          

𝑟7 =  𝑘7𝑐𝑔                   (20)                                                                                                                                                                         

𝑟8 =  𝑘8𝑐𝑐             (21)                                                                                                                       

𝑟9 =  𝑘9𝑐𝑏             (22)                                                                                                                  

𝑟10 =  𝑘10𝑐𝑒             (23)                                                                                                              

𝑟11 =  𝑘11𝑐𝑑                 (24)                                                                                                                                                                      

 

where ki corresponds to the apparent rate constants of the reaction steps in Scheme 3. The notations for all 

compounds in the rate equation were as follows: a: 4-propylguaiacol, b: 4-propylphenol, c: propylbenzene, d: 

propylcyclohexane, e: 4-propylcyclohexene, f: 4-propylcatechol, g: 1,2-dimethoxyl-4-propylbenzene, h: 1-methyl-

3-propylbenzene, and i: side products. The concentrations of propylcyclopentane, 1-methyl-2-propylcyclopentane, 

and 1-methyl-2-propylcyclohexane were low and consequently were lumped together as one and labeled as ci. The 

complete mass balance equations for the improved kinetic model include the following: 

𝑑𝐶𝑎

𝑑𝑡
=  − 𝑟1 − 𝑟4 − 𝑟6              (25)                                                                           

𝑑𝐶𝑏

𝑑𝑡
=   𝑟1 + 𝑟5 +  𝑟7 − 𝑟2             (26)                                                           

𝑑𝐶𝑐

𝑑𝑡
=  𝑟2 −  𝑟8 − 𝑟3 − 𝑟9         (27)                                                        

𝑑𝐶𝑑

𝑑𝑡
=  𝑟3 +  𝑟10 −  𝑟11       (28)                                                                                 
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𝑑𝐶𝑒

𝑑𝑡
=  𝑟9 − 𝑟10     (29)                                                                  

𝑑𝐶𝑓

𝑑𝑡
=  𝑟4 − 𝑟5       (30)                                                                                              

𝑑𝐶𝑔

𝑑𝑡
=  𝑟6 −  𝑟7         (31)                                                                                           

𝑑𝐶ℎ

𝑑𝑡
= 𝑟8        (32) 

 
𝑑𝐶𝑖

𝑑𝑡
= 𝑟11       (33)                                                                                                       

 

where Ca is the concentration of the initial feed (4-propylguaiacol) expressed in mol/L, Cx is the concentration of 

compound x (4-propylphenol or any side products) and t is the reaction time.  

Subsequently, an improved model that took all side reactions into account was proposed. The kinetic fitting results 

for all sulfided catalysts are shown in Figure 19. The fitting results were generally improved, and the experiments 

agreed well with the pseudo-first-order kinetic model. The best description of the concentration profile was 

obtained with the sulfided NiMo catalyst, which had a 95% coefficient of determination. It was concluded that the 

proposed model was well described by the experimental data points and modeling results. The estimated 

parameters for the apparent kinetic rate constant with a 95% confidence interval are presented in Supplementary 

Information in Paper I. The high estimated confidence intervals could be attributed to the small experimental sets 

and that the parameters were highly correlated.  

The current modeling results for the HDO of PG revealed that the same reaction routes can be applied to all the 

studied catalysts. The influence of the added transition metals was reflected in the modeling results. For instance, 

the results showed that adding promoters to the Mo catalyst did not change the reaction routes significantly. The 

rate constant k1 represents the rate for the demethoxylation step of PG, and the Mo catalyst had the highest value 

(k1 = 1.86 × 10-2 min-1) of all the catalysts. This result explains the faster demethoxylation rate for the unpromoted 

Mo catalyst as compared to the others, and it can also be related to the faster initial PG conversion of the Mo 

catalyst during the first 1-2 h of the reaction. Besides, the kinetic rate constants k3 (8.50 × 10-2 min-1) and k9 (9.92 

× 10-2 min-1) were the highest for the sulfided NiMo catalyst. These results correlate with the highest rate of the 

hydrogenation of propylbenzene to propylcyclohexane and propylcyclohexene given the highest yield of 

deoxygenated products achieved by the NiMo catalyst as shown previously (Section 4.1.1). It was found that both 

the CuMo and FeMo catalysts, had a lower rate constant, k2, than the Mo catalyst, suggesting that they inhibited 

the dehydroxylation of 4-propylphenol. The ZnMo catalyst had a higher rate constant k2 (1.05 × 10-2 min-1) than 

the Mo catalyst, but a lower k3 (1.65 × 10-2 min-1) and k9 (6.73 × 10-2 min-1) rate constant relative to the Mo catalyst, 

hence corroborating its highest aromatics production. The lowest rate constant, k3, for the FeMo catalyst also 

verified its low rate of propylbenzene hydrogenation in HDO of PG which resulted in a 16% aromatic yield at the 

end of the reaction. 
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Figure 19. Kinetic fitting results for HDO of PG over sulfided a) Mo, b) NiMo, c) CuMo, d) ZnMo, and e) FeMo. 

The solid line denotes the modeling results and the points represent experimental data. Notation: A = PG, B = 4-

propylphenol, C = propylbenzene, D = propylcyclohexane, E = propylcyclohexene, and I = side products.  
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4.1.4 Hydrotreatment of Kraft lignin over sulfided NiMo, ZnMo, and FeMo catalysts 

4-propylguaiacol was used as a model compound for the study of HDO reaction using the Mo sulfided catalysts 

promoted by transition metals (Ni, Fe, Cu, and Zn) in the first study. The reason for using a model reaction was to 

assess the activity of the sulfided catalysts. At the same time, to study the selectivity of different sulfided catalysts 

for different products based on their functionalities like phenolics, deoxygenated cyclic compounds, and aromatics 

before investigating their activities for more complex substrates like lignin.   

In order to verify the representability of PG as an appropriate model compound for more complex bio-feedstocks, 

the sulfided NiMo, ZnMo, and FeMo catalysts were also examined for the hydrotreatment of kraft lignin.  

Figure 20 presents a comparison of different product selectivities (in terms of relative MS blob volume %) for 

sulfided ZnMo, FeMo, and NiMo catalysts in the hydrotreatment of kraft lignin at 340 °C and 40 bar initial H2 

pressure using the same batch reactor system as described for HDO of PG. The main focus was put on the analysis 

of the upgraded lignin oil and the product selectivities when using different sulfided catalysts. The reaction samples 

were subjected to 2D GC × GC analysis for in-depth product analysis and the respective chromatograms are shown 

in Supporting Information in Paper I. A diverse group of products was obtained after the hydrotreatment, such as 

deoxygenated aromatics and cycloalkanes, dimers, and polyaromatics, and also oxygenated compounds. A 

noticeable difference in selectivity for deoxygenated monomeric cycloalkanes of 26% and 13% were obtained for 

ZnMo and FeMo sulfided catalysts, respectively. While a 62% monomeric cycloalkane selectivity was obtained 

for the NiMo sulfided catalyst. The higher deoxygenation ability of the NiMo catalyst can be clarified here in the 

case of hydrotreatment of Kraft lignin in agreement with the results obtained from the model reaction.  

Sulfided NiMo catalyst was seen to possess a higher selectivity of 12% than ZnMo (8%) and FeMo catalysts (4%) 

for deoxygenated monomer aromatic products. Oxygenate products, such as monomeric and dimeric phenolic 

compounds were found in the product samples for all the catalyst systems with FeMo (50.9%) giving the highest 

selectivity. The major difference in the product distribution between the model reaction and lignin hydrotreatment 

was the presence of dimeric and trimeric products such as naphthalenes and anthracenes in the lignin 

hydrotreatment experiments. This was attributed to the lignin depolymerization at the onset of the reaction yielding 

the monomeric, dimeric, and polymeric phenolic fragments from lignin as observed in the GC × GC analysis 

results. The higher deoxygenation ability of NiMo catalysts also resulted in the absence of naphthol-derived 

products in the product distribution after a 5 h hydrotreatment. There were also solid residue products formed after 

the hydrotreatment for all catalysts, however, they were not quantified in this study. 

The lignin reactivity follows first the depolymerization of lignin fragments yielding compounds with hydroxyl and 

methoxy groups. These oxygen-contained lignin fragments further underwent different upgrading reactions like 

HDO and partial HDO producing deoxygenated products and alkylphenols. The use of PG as a model compound 

could qualitatively indicate the reactivity scale of the sulfided catalysts towards desired products and facilitate the 

search for the probable reaction network towards the upgrading of complex lignin compounds to different valuable 

products. The future work will be focused on the upgrading of lignin, including in-depth product and kinetic 

analysis considering the formation of larger molecules, such as dimers and trimers in biomass upgrading reactions 

and also solid residue products. 
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Figure 20. 2D GC × GC analysis for the comparison of detectable liquid phase product selectivities using sulfided 

ZnMo, FeMo, and NiMo catalysts for hydrotreatment of kraft lignin. Reaction conditions: 3:1 lignin to catalyst 

mass ratio, 340 ˚C, 40 bar initial H2 pressure, 5 h, and 1000 rpm. 

4.2 Annealing treatment of unsupported MoS2 for hydrodeoxygenation of propylguaiacol and 

hydrotreatment of Kraft lignin 

4.2.1 Hydrothermal synthesis of unsupported MoS2 for HDO of PG 

Unsupported MoS2 catalyst was synthesized in the second study and tested in HDO of PG. The effect of the 

annealing treatment on the synthesized sample was investigated and found to be crucial to enhance HDO activity. 

The effect of hydrothermal synthesis time and the pH adjustment with the annealing treatment on the catalytic 

activity was studied using the model reaction. The annealed MoS2 and bulk MoS2 catalysts were then further 

evaluated in the hydrotreatment of Kraft lignin.  

The effects of hydrothermal synthesis time and the annealing pretreatment were studied on the model reaction. 

Figure 21 shows the comparison between the annealed MoS2 and as-synthesized MoS2 with synthesis time of 12 

h and 24 h in terms of product selectivity and PG conversion at 4 h. Increasing the synthesis time from 12 h to 24 

h improved the PG conversion for the as-synthesized MoS2 catalyst. The selectivity for deoxygenated 

cycloalkanes, such as propylcyclohexane and propylcyclohexene, was 27.5% and 43.4% for MoS2-12 and MoS2-

24, respectively. While for an intermediate like propylphenol, the selectivity remained in the range of 47-48%. A 

24.7% selectivity for a compound with two oxygen atoms like propylcatechol (2O compound), was found for 

MoS2-12 after 4 h. Increasing the synthesis time to 24 h, decreased the selectivity of the propylcatechol (2O 

compound) to 8.3%.  

The as-synthesized catalysts underwent additional annealing treatment at 400 °C for 2 h under a nitrogen flow. 

The selectivity and PG conversion after 4 h for the annealed and as-synthesized catalysts are shown in Figure 21. 

It can be seen in Figure 21 that both annealed catalysts (MoS2-12a and MoS2-24a) had the same PG conversion 
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after 4 h. The MoS2-12a and MoS2-24a had a 64% and 55% selectivity for deoxygenated cycloalkane, respectively, 

after 4 h. It can be seen in Figure 21 that both annealed samples had a higher selectivity for deoxygenated 

cycloalkanes than the as-synthesized samples. The selectivity for phenolics was also reduced for both annealed 

samples. Interestingly, aromatics, such as propylbenzene, were found in the annealed samples with a selectivity of 

18-20%. The 2O compounds were not detected in the reaction medium using either annealed sample (MoS2-12a 

and MoS2-24a) after 4 h. The results indicate that a shorter synthesis time was better for the PG deoxygenation 

when using annealed catalysts. A longer synthesis time was preferable for the as-synthesized catalysts to attain 

better deoxygenation activity. The difference in results can be attributed to that 12 h synthesis time was enough to 

nucleate sufficient MoS2 crystallites, and the annealing treatment facilitated the growth of MoS2 crystals.  

 

Figure 21. Comparison between selectivity for reaction product and PG conversion after 4 h for HDO of PG over 

MoS2-12, MoS2-12a, MoS2-24, and MoS2-24a at 50 bar total H2 pressure, 300 °C, and 1000 rpm.  

The effect of not adding acid during the synthesis of unsupported MoS2 was investigated in the HDO of PG. The 

product distribution for both as-synthesized and annealed catalysts prepared without adding acid is shown in Figure 

22. A final PG conversion of 86.6% was obtained after 5 h for the as-synthesized MoS2 prepared without the 

addition of acid. Besides, the selectivity for 4-propylphenol increased to 42.5% after 2 h and stabilized at 40.8% 

after 5 h. A downward trend was found also for the selectivity for oxygenated intermediates (2O-compounds) 

which gave a final selectivity of 19.5% (Figure 22a). A gradual increase in the selectivity for deoxygenated 

cycloalkanes was found, which gave a final selectivity of 40%. For a fair comparison, the fresh as-synthesized 

MoS2 (without acid addition) underwent an annealing treatment similar to the one described previously (Section 

3.1.2) and was applied in the HDO of PG. Surprisingly, the annealing treatment had a negative effect on the PG 

conversion, showing a final PG conversion of 74.2% (Figure 22b). In contrast, a slight increase in the selectivity 

for deoxygenated cycloalkanes selectivity was found, which gave a final selectivity of 46.6% (Figure 22b). A 

decreasing trend was found for the selectivity for phenolics with reaction time, which gave 36.6% selectivity for 

4-propylphenol and 15.8% selectivity for 4-propylcatechol (2O-compounds) after 5 h. The clear difference in the 

product distribution of the HDO of PG between the unsupported MoS2 catalysts prepared with and without the 
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addition of acid shows that an acidic environment while synthesizing unsupported MoS2 is crucial to produce 

MoS2 with a smaller particle size (evident in SEM images, Figure 25). The resulting MoS2 particle size had a direct 

effect on the HDO selectivity. This result is in line with the conclusion by Zhang et. al91, which shows that higher 

HDS and hydrogenation activities can be achieved using MoS2 prepared with low pH values. The smaller MoS2 

particles synthesized in an acidic environment had more active sites, which led to higher selectivity for HDO. It is 

worth mentioning that the annealing treatment proposed in this study positively enhanced the PG HDO activity 

when MoS2 catalysts prepared with pH adjustment were used. The MoS2 prepared without any pH adjustment had 

the opposite effect, especially on the PG conversion, and did not facilitate the growth of MoS2 crystals.  

 

Figure 22. Reaction product distribution for HDO of PG over a) MoS2 prepared without acid adjustment and b) 

annealed MoS2 without acid adjustment at 50 bar total H2 pressure, 300 ˚C and 1000 rpm. 

4.2.2 Catalyst characterization 

The specific surface area, pore volume, and pore size of the unsupported MoS2 and bulk MoS2 catalysts are listed 

in Table 8. The specific surface area of the catalysts was ranked in decreasing order: MoS2-24a > MoS2-12a > 

MoS2-24 > MoS2-12 > bulk MoS2. It was found that prolonging the synthesis time from 12 h to 24 h had a 

negligible effect on the specific surface area of the catalyst, and gave a range between 15-16 m2g-1 for MoS2-12 

and MoS2-24. In contrast, both annealed samples (MoS2-12a and MoS2-24a) gave a higher specific surface area 

than the as-synthesized catalysts. The N2 adsorption-desorption isotherms for all the catalysts are provided in 

Supporting Information in Paper II. The isotherms for the annealed MoS2 catalysts were characterized as type IV 

isotherms according to the IUPAC classification92. A prominent H3 type hysteresis loop was also found for both 

annealed MoS2 samples. This loop featured slit-shaped pores created by the build-up of MoS2 layers. The as-

synthesized and bulk MoS2 type-II isotherms had a distinctive form indicating a non-porous character. This 

observation can be explained by the agglomeration of particles that formed larger lumped particles with reduced 

porosity, as shown in the SEM images (Figure 25). These findings suggest that an annealing treatment can 

significantly increase the specific surface area and the porosity of the as-synthesized catalysts. It is important to 

highlight that this porosity was created by the shrinkage of particles during annealing and the resulting formation 

of MoS2 crystals (see the XRD analysis, Figure 23a)). They were re-coordinated and agglomerated to generate 

cavities. It is also worth noting that MoS2-12a had the highest pore volume and the lowest pore size of all the 

unsupported catalysts. 
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Table 8. Physical properties (surface area, pore-volume, and pore size) of synthesized unsupported catalysts. 

Catalysts Surface area (m2/g) Pore volume (cm3/g) Pore size (Å) 

MoS2-12 15.4 0.34 108 

MoS2-12a 27.8 0.60 83.8 

MoS2-24 16.2 0.13 317 

MoS2-24a 37.1 0.11 105 

Bulk MoS2 4.70 0.03 177 

 

Figure 23a) shows the XRD diffractograms for the MoS2 unsupported catalysts. The XRD patterns show that the 

as-synthesized samples had low crystallinity with a peak at 2θ = 14°, representing the typical (002) plane of 

hexagonal MoS2. The results also confirm that prolonging the synthesis time from 12 h to 24 h did not improve 

the crystallinity of the samples resulted in the same XRD pattern (Figure 23). Prominent peaks were visible at 2θ 

= 14°, 33°, 39°, and 59° for both annealed MoS2 catalysts attributed to the (002), (100), (103), and (110) planes of 

MoS2
93. The improved crystallinity of the as-synthesized MoS2 after a simple annealing treatment suggests that 

the annealing process at 400 °C for 2 h can promote the growth of MoS2 crystals. In comparison, the bulk MoS2 

was highly crystalline, as shown in Figure 23a). 

Raman spectroscopy was performed to understand the chemical state of the as-synthesized and annealed catalysts. 

The Raman spectra of MoS2-24 and MoS2-24a were obtained at the 532 nm CW laser excitation mark with an 

average power of 0.3 mW, as shown in Figure 23b). For MoS2-24a catalysts, four main Raman peaks located at 

379 cm-1 (𝐸2𝑔
1 ), 404 cm-1 (A1g), 283 cm-1 (E1g) and 454 cm-1 (E1g) indicate that the usual 2H-MoS2 phase was 

present94. Two low-intensity Raman peaks at 219 cm-1 and 335 cm-1 were identified in the spectra for MoS2-24a, 

proving the existence of the 1T phase of MoS2
94. The results indicate that the annealing pre-treatment changed the 

structure of the as-synthesized catalysts and resulted in mixed 1T and 2H phases for MoS2. In contrast, for MoS2-

24 catalysts, three peaks were identified, as shown in Figure 23b) with a relatively lower intensity. This proves the 

lower crystallinity of the as-synthesized catalyst. The results from Raman spectroscopy analysis corroborate with 

the results obtained from XRD analysis.  

The chemical state and composition of the unsupported MoS2 catalysts before and after the annealing treatment 

were determined with XPS (Figure 24). The Mo 3d spectra in Figure 24a) and Figure 24c) were deconvoluted into 

three Mo 3d5/2 – Mo 3d3/2 doublets for the as-synthesized samples. The presence of the Mo4+ oxidation state 

indicated by two characteristic peaks at 229.3 eV and 232.5 eV binding energies, proved the existence of the MoS2 

species95. Characteristic peaks at the binding energies 230.0 eV and 233.0 eV were found for the Mo5+ oxidation 

state, which demonstrated the presence of intermediate oxysulfide species (MoOxSy) in the as-synthesized 

catalysts96. An additional doublet at 233.4 eV and 235.8 eV associated with the Mo6+ oxidation state which is 

associated with the MoO3 species was also found97. Table 9 shows the Mo 3d composition of the Mo states obtained 

from the XPS data. The sulfidation degree based on the Mo4+ content increased for both annealed MoS2 more than 

for the as-synthesized unsupported catalysts. MoS2-24a had the highest degree and correspondingly lowest degree 

of oxidation of Mo. The presence of oxysulfide species in the as-synthesized catalysts was caused by one of the 

reactions that are expected to occur during the synthesis of MoS2, where (NH4)6Mo7O24 reacts with H2S and forms 

MoOxSy, ammonia, and water. However, no oxysulfide species were found in either annealed catalysts. This 
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finding suggests that the MoOxSy phase may have been completely converted into MoS3, and the annealing 

pretreatment facilitated the thermal decomposition of MoS3 to MoS2. 

 

Figure 23. a) XRD patterns for MoS2-12, MoS2-12a, MoS2-24, MoS2-24a and bulk MoS2 and b) Raman spectra 

for MoS2-24 and MoS2-24a catalysts. 

Table 9 Mo 3d composition for MoS2-12, MoS2-12a, MoS2-24, and MoS2-24a. 

 Mo 3d composition (area %) 

Catalyst Mo4+ Mo5+ Mo6+ 

MoS2-12 62.9 22.2 14.9 

MoS2-12a 88.6 - 11.4 

MoS2-24 82.9 11.3 5.8 

MoS2-24a 93.1 - 6.9 
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Figure 24. XPS spectra of Mo 3d for a) MoS2-12, b) MoS2-12a, c) MoS2-24, and d) MoS2-24a. 

The structure and morphologies of the unsupported catalysts synthesized in this work were examined with SEM. 

The laminar growth of the MoS2 during hydrothermal synthesis resulted in the formation of spherical particle 

agglomerates, shown in the SEM images in Figure 25. The average particle diameter was measured based on all 

the SEM images using ImageJ software. The distribution of particle size is shown in the insets of Figure 25. As 

can be seen in Figure 25(e) and Figure 25(f), the MoS2-24 catalyst consisted of a mixture of larger and smaller 

particles with an average particle diameter of 305 nm. Similar morphology was found for MoS2-12 (Figure 25(a) 

and (b)). The MoS2-24a catalyst had more dispersed and uniformly distributed MoS2 particles than the as-

synthesized catalyst with a smaller average particle diameter of 190 nm as shown in the SEM images in Figure 

25(g) and (h). In general, the annealed catalysts had a more defined morphology. The SEM analysis also showed 

that the annealing treatment reduced the MoS2 particle diameter and size distribution of particles.  

To understand the effect of pH adjustment during synthesis on the morphology of the MoS2 catalyst, a batch of 

unsupported MoS2 was prepared following the same procedure but omitting the acid adjustment step, as described 

in Section 3.1.2. The subsequent batch was then examined with SEM, and the results are shown in Figure 26. The 

particles in Figure 26 show an apparent flower-like morphology with a larger average particle diameter of 2 µm. 

It is worth noting that this is almost the average particle size for the bulk MoS2 sample (6 µm, max 40 µm). The 

characterization results presented here are also in line with the findings by Zhang et. al91. The pH adjustment step 

in the catalyst synthesis was important to facilitate the growing of MoS2 micelles, which eventually formed smaller 

crystallites in the MoS2 catalysts (Figure 25 and Figure 26). A material with a larger particle size was formed for 

the MoS2 catalyst prepared without acid addition (Figure 26). 
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High-resolution transmission electron microscopy (HRTEM) was also performed to better understand the effect 

of annealing on the structure of an unsupported catalyst, and the images are presented in Figure 27. The usual 

thread-like fringes with an interplanar distance of 0.64 nm, corresponding to the (0 0 2) basal planes of the MoS2 

catalysts, were identified in all of the HRTEM images. One of the main differences was from the HRTEM images 

for the annealed catalysts in which the edges showed a spiky feature that was not visible in the as-synthesized 

catalysts, see Figure 27. The changes in the structure near the edges of the catalyst after the annealing process 

could be due to the enhancement of the growth of the smaller MoS2 crystallites in the as-synthesized catalysts. 

This demonstrates the importance of the annealing treatment in changing the structure of the catalysts. 

Consequently, the spiky edges of the annealed unsupported catalysts contributed to their higher specific surface 

area and the exposure of more active sites to the HDO reaction.  
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Figure 25. SEM images of (a and b) MoS2-12, (c and d) MoS2-12a, (e and f) MoS2-24, and (g and h) MoS2-24a. 
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Figure 26. SEM image of MoS2 prepared without pH adjustment. 

 

Figure 27. HRTEM images of a) MoS2-12, b) MoS2-12a, c) MoS2-24, and d) MoS2-24a. 

4.2.3 Kraft lignin hydrotreatment over unsupported MoS2 and bulk MoS2 

Both MoS2-12a and bulk MoS2 were tested in the hydrotreatment of Kraft lignin at 340 and 40 bar initial H2 

pressure for 5 h. The focus was on an in-depth analysis of the hydrotreated lignin oil fraction and quantifying its 

main product groups. Kraft lignin was found to be fully converted after 5 h for both unsupported catalysts. A 

comparison between the product selectivities and char yield for both catalysts is shown in Figure 29. A noticeable 
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difference between the product selectivities of the upgraded lignin oil fractions was found for both unsupported 

MoS2 catalysts. An array of products, such as lignin monomers and dimers, were detected. These came from the 

depolymerization of lignin during the hydrotreatment. Figure 28 presents the major products that were found in 

the GC spectra for bulk MoS2 (blue line) and MoS2-12a (black line). The major compounds identified in the lignin 

oil fractions for MoS2-12a included deoxygenated compounds like methylcyclopentane, cyclohexane, 

methylcyclohexane, ethylcyclopentane, ethylcyclohexane, and propylbenzene. These deoxygenated cycloalkanes 

and aromatics had a total selectivity of 78.6% and 20%, respectively. In contrast, for hydrotreatment using bulk 

MoS2, mainly oxygenates such as guaiacol, cresol, 4-ethyl-2methoxyphenol, and propylguaiacol were found, as 

shown in the GC spectra in Figure 28. A total selectivity of 90.5% for these phenolic-derived compounds and 8.3% 

of deoxygenated cycloalkanes was obtained when bulk MoS2 was used. The formation of solid char derived from 

the re-polymerization or condensation of lignin fragments was found in both cases. However, the char yield was 

relatively less for the MoS2-12a catalyst than for the bulk MoS2, as shown in Figure 29. This indicates that a 

catalyst with high hydrogenation and deoxygenation activity could suppress the formation of char.  

 

Figure 28. GC spectrum of the lignin fraction obtained from the hydrotreatment of Kraft lignin over bulk MoS2 

(blue line) and MoS2-12a (black line). Reaction conditions: 3:1 lignin to catalyst ratio, 340 ˚C, 40 bar initial H2 

pressure, and 1000 rpm. The major compounds are labeled in the spectrum as (1) Methylcyclopentane, (2) 

Cyclohexane, (3) Methylcyclohexane, (4) Ethylcyclopentane, (5) Toluene, (6) Ethylcyclohexane, (7) 1,3-

dimethylbenzene, (8) Propylcyclohexane, (9) Propylbenzene, (10) Guaiacol, (11) Creosol, (12) 4-ethyl-2-

methoxyphenol, and (13) Propylguaiacol. 
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Figure 29. GCMS analysis to compare product selectivities and char yield between bulk MoS2 and MoS2-12a from 

hydrotreatment of kraft lignin. Reaction conditions: 3:1 lignin to catalyst mass ratio, 340 ˚C, 40 bar initial H2 

pressure, 5 h, and 1000 rpm.   
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5 Conclusions 

The conclusions are based on the analyses of supported and unsupported MoS2 in the hydrodeoxygenation of 

propylguaiacol and hydrotreatment of Kraft lignin. 

The effect of the impregnation of the transition metals Ni, Cu, Zn, and Fe on sulfided Mo-based alumina-supported 

catalysts on PG conversion, and the selectivities for phenolics, deoxygenated aromatics, and cycloalkanes were 

studied. The impregnation of Ni, Fe, Cu, and Zn into Mo catalysts lowered the rate of demethoxylation, which 

gave a decrease in the initial PG conversion in the order Mo > ZnMo > CuMo > FeMo > NiMo.  

The sulfided NiMo-supported catalyst gave a final yield of 94% for deoxygenated cycloalkanes. In contrast, final 

deoxygenated cycloalkane yields of 58.1%, 67.2%, and 44.4% were obtained for FeMo-, ZnMo-, and CuMo- 

supported catalysts, respectively. The deoxygenated cycloalkane yields for the non-promoted Mo-sulfided catalyst 

were 70%. The results show that Ni promoted the Mo catalyst while impregnating metals, such as Fe, Zn, and Cu, 

which inhibited the formation of deoxygenated cycloalkanes. Interestingly, the selectivity of deoxygenated 

aromatics increased at higher PG conversion following the order: ZnMo > FeMo > Mo > NiMo > CuMo, with 

16% and 19% aromatics for ZnMo and FeMo catalysts, respectively. Both Zn and Fe had an adverse effect on the 

HDO activity of PG but changed the selectivity towards aromatics, such as propylbenzene, at full PG conversion. 

Moreover, a pseudo-first-order kinetic modeling analysis was done for PG HDO, and the model clarified the 

deoxygenation routes and reaction network. The inclusion of side reactions also improved the model and explained 

the experimental results, with more than a 90% coefficient of determination for all catalysts. The direct 

deoxygenation of PG was the major pathway for the removal of oxygen-containing groups with 4-propylphenol 

being the major intermediate. Hence, the model shows that the proposed reaction routes can be adapted for all the 

studied catalysts. The influence of promoters on the Mo catalysts is also be indicated in the modeling for HDO of 

PG.  For instance, NiMo catalysts show high hydrogenation rates of aromatic rings yielding cycloalkanes. In 

contrast, Fe- and Mo- promoted catalysts inhibited the hydrogenation of the aromatic ring and facilitated the 

formation of aromatics. The current results are essential to understanding the reaction mechanism for the HDO of 

oxygen-containing compounds that can largely be found in biomass-derived feedstock using sulfided catalysts. 

The results obtained from the hydrotreatment of Kraft lignin correlate with the activity from the HDO of PG.  

A simple hydrothermal synthesis method for the preparation of unsupported MoS2 catalyst was explored in the 

second study. An annealing pretreatment of as-synthesized MoS2 unsupported catalysts was found to be important 

to enhance the HDO activity of PG. The unsupported catalysts that had been synthesized for 12 h coupled with pH 

adjustment and annealing treatment gave the highest degree of deoxygenation of all the catalysts. Creating an 

acidic environment during catalyst synthesis was found to be important in assisting the micelles growing of MoS2 

catalyst, forming smaller particles that could influence HDO activity. A comparison was made between the HDO 

of PG and Kraft lignin hydrotreatment using our in-house synthesized MoS2 and s sample of bulk MoS2 used as 

catalysts. The results showed that the annealed MoS2 unsupported catalysts gave high deoxygenation of Kraft 

lignin. These results also indicated that high-deoxygenation and hydrogenation catalysts could suppress the 

formation of char and result in a higher yield of bio-oil.  
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6 Future work 

It was found that the unsupported TMS had good catalytic activity in the HDO reaction and the hydrotreatment of 

Kraft lignin. The unsupported catalysts with good hydrogenation and HDO activity also played a role in 

suppressing char formation reactions. More exploratory work focusing on the synthesis of unsupported TMS and 

the application of these unsupported TMS in upgrading Kraft lignin is an important area. An interesting future 

direction is also to develop a lumped kinetic model that takes into account the depolymerization of lignin producing 

different lignin fragments and further upgrading using unsupported TMS. Parameter optimization such as process 

temperature, pressure, time, and lignin-catalyst ratio for lignin hydrotreatment is important for upcoming work. 

Moreover, special attention should be made to understand the char formation reactions and also ways to suppress 

such reactions to reach minimum char yield.  The characterization of solid residues resulting from the 

hydrotreatment is of high interest to fully understand the composition of the produced solid.        
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