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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 are abundant, carbon-rich, and renewable bioresources that
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. In this thesis, we have explored
the use of unsupported and supported metal sulfides in the hydrotreatment of Propylguaiacol (PG), a bio-oil model compound,
Kraft lignin (KL), and pyrolysis bio-oil. In the recent work, the co-processing of the Kraft lignin and pyrolysis oil over the
unsupported NiMoS was also performed.

Firstly, MoS2 supported on y-Al203 catalysts 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 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. It was 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 KL. Further, the effect of the annealing treatment of a hydrothermally synthesized unsupported MoS2
dispersed catalyst was 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 annealed unsupported MoS2 demonstrated a high
capacity for deoxygenation with a selectivity of 78.6% and 20.1% for cycloalkanes and aromatics from KL hydrotreatment,
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.

The main hurdle during Kraft lignin liquefaction was the occurrence of repolymerization reactions during depolymerization
that lead to the production of undesired solid char residues and subsequently cause low bio-oil yield. In this regard, the
combination of NiMo sulfides with various ultra-stable Y zeolites (USY) for the KL hydrotreatment was studied. The use of
the physical mixture of the unsupported NiMoS and the USY support was also studied to better understand the role of the
catalyst components, and their interactions during lignin depolymerization, HDO, and also repolymerization of the reactive
lignin intermediates. Further work was then extended to the co-hydrotreatment of KL and pyrolysis oil over the unsupported
NiMo Sulfides. The synergistic effect between the complex feedstocks (KL and pyrolysis oil) was further explored by
investigating the effect of supplementing various bio-oil monomers during KL liquefaction. It was found that the strategy of
co-feeding bio-derived monomers and pyrolysis oil in the KL hydrotreatment presented an insight for co-processing and also
the role of second co-feed was able to facilitate efficient lignin depolymerization increasing the desired bio-liquid yield and
limiting lignin condensation. Further, a two-stage fast pyrolysis bio-oils (FPBO) processing concept that involves first a
stabilization step in the slurry hydrocracker over an unsupported NiMoS and then followed by downstream fixed-bed
hydrotreating producing renewable hydrocarbon was studied. The liquid products were thoroughly analyzed to understand their

chemical and physical properties.

Keywords: Advanced biofuels, Pyrolysis oil, Propylguaiacol, Kraft lignin, Hydrotreatment, Transition metals, MoS,

Unsupported TMS, Reaction network, Slurry hydrocracking
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1 Introduction

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

Depleting fossil resources, increasing greenhouse gas (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 1'. 32% lower emissions of
GHGs were achieved in 2020 than in 1990 levels, indicating that the EU remained on track with its goal of a 20%
reduction in GHG emissions by 2020 (Figure 1). The reduction in GHG emissions in 2020 can also be attributed
to the pandemic even though the emissions levels in 2018 and 2019 were already below the 2020 target. There is
no doubt that substantial emission reductions are still needed in the coming years to meet the emission targets and
ultimately achieve climate neutrality. To achieve the target of a 55% reduction in net emissions by 2030 as
compared to the 1990 levels, a reduction of 134 Mt COze per year on average for the period between 2021-2030
is needed (Figure 1). The projected emission cut is more than twice the average emission reduction achieved
between 1990 and 2020, hence, it is clear that extensive efforts are still needed to halt GHG emissions and gain

carbon neutrality.

Million tonnes of CO, equivalent (Mt CO,e)

2021-2030
(net emissions)
to reach -55%:
on average per year:
-134 Mt CO,e or -4.0%

1990-2020
6,000 4 (emissions)
on average per year:
-52 Mt CO,e or -1.1%

5,000

2020 target
(emissions)
4,000 +

3,000 - ~ o ...
- .
~
=~ ~
2,000 - Recfutfing net GHG Q Achievi.ng climate
emissions by at least 2030 target neutrality by 2050, net
55% by 2030, compared (net emissions) zero GHG emissions for
to 1990 levels EU countries as a whole
1,000 +
2050 target
et emissions)
0 T T T T T T T T T T T O

1990 1995 2000 2005 2010 2015 2020 2025 2030 2035 2040 2045 2050

Historical greenhouse gas emissions without land use, land use change and forestry (LULUCF)
= Historical greenhouse gas emissions with LULUCF
+==+ Projections with existing measures (WEM) with LULUCF
=+ Projections with additional measures (WAM) with LULUCF

Figure 1. GHG emission trends, projections, and targets in EU™.

Of all the economic sectors, transportation (including international aviation) accounts for almost a quarter of the
GHG emissions in Europe and remains the second largest emissions source in the EU member states (EU-27), and
at the same time, also causes air pollution in major cities (Figure 2)2. The transport sector also remains one of the
major economic sectors with an upward trend for GHG emissions with a steady increase between 2013 and 2019

(Figure 3). This increase can be mainly attributed to the ever-growing population and demand for passenger and
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freight transport in emerging economies. The decrease in emissions between 2019 and 2020 can be reasoned by

the pandemic which caused a substantial reduction in transport activities. However, according to the projection in

Figure 3, an increase in emissions within the transportation sector until 2025 is expected with the scenario of not

implementing any additional measures. The current billion-vehicle fleet in the transport sector is still largely

dependent on fossil-derived liquid hydrocarbon fuels, e.g., diesel, gasoline, and 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. An overview of the historical and projected emissions development (Mt CO.e) for the years 2005, 2020,

2021, and 2030 in various sectors (Agriculture, buildings, transport, industry, energy supply, international aviation,

and waste), adapted from the Trends and projection report, 2022, European Environment Agency (EEA)S.
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Figure 3. Greenhouse gas emissions (GHG) resulted from transportation in Europe (European Environment
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Biofuels are renewable energy sources derived from biomass and their utilization is increasing owing to the
legislation incentives aimed at the production of renewable transportation fuels. There are typically three types of
biofuels: the first, second, and third-generation biofuels are characterized based on the biomass feedstocks used in
their production process and their limitations as an energy source* (Figure 4). 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 impacts 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, residues
from vegetable oil processing, and agricultural waste. These feedstocks can undergo different processes, such as
thermochemical conversion (pyrolysis, gasification, liquefaction, and direct combustion), biochemical conversion,
and hydroprocessing to yield renewable fuels. The production of renewable diesel from the hydroprocessing of
vegetable oils and esters and fatty acids are great examples that fall under this category. The third-generation
biofuels include solid bio-waste, mixed plastic waste, and engineered crops, such as algae biomass, which have a

different growth yield in comparison to the typical lignocellulosic biomass.

2nd generation 3rd generation

Virgin oils Waste oils and fats Solid waste
* Rapeseed oil + Used cooking oils (UCO) * Agricultural residue
+ Palm ol + Animal fats, fish fat + Sewage sludge
* Sunflower oil + Residues from vegetables oil processing * Forestry residue/ straw/
* Soybean oil * Palm oil mill effluent (POME) * bagasse/ nut shells
+ Spent bleaching oil (SPEO) * Organicfraction of municpal solid waste (MSW)
* Palm kernel oil (PKO) * Mixed plastic waste
+ Distillers corn oil (DCO) * Micro or macro algae
+ Crude tall oil (CTO) = Biomass fraction of wastes and residues, namely,
* Tall oil pitch bark, branches, precommercial thinnings, leaves,

needles, treetops, saw dust, cutter shavings,
black liquor, brown liquor, fibre sludge, lignin oil

Low indirect land use change (ILUC) crops
+ Carinata
* Castor
* Camelina

Figure 4. List of potential renewable feedstocks for biofuel production.
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 is 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,
catalyst stability and poisoning, reaction network and mechanistic 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 2"9-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, liquefaction, and hydrodeoxygenation
of Kraft lignin in the presence of a solvent in one step were 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.
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Scheme 1. Two-stage process in the transformation of raw biomass to valuable products such as chemicals and

transportation fuels.
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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 alkylphenols,
were studied. A series of screening experiments were conducted in Paper | to examine the influence of 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
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 MoS; catalysts using a facile hydrothermal synthesis method was examined in Paper
11. The effect of an 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 was
investigated. Our in-house synthesized unsupported MoS, was compared with a sample of bulk MoS; in the model
reaction and hydrotreatment of Kraft lignin. With the experience of working with Kraft lignin as a renewable
feedstock in Paper I and Paper Il, one of the major hurdles that we observed was the formation of undesired
repolymerized/condensed solid residues and char fractions during hydrotreatment which leads to low monomer
yield. In Paper 111, to address the challenges when depolymerizing and upgrading lignin fragments, a series of
NiMo sulfides and ultra-stable Y (USY) zeolites with the unsupported NiMoS catalyst were screened for the
reductive liquefaction and further deoxygenation of Kraft lignin. The work also provided insight into the roles of
NiMo sulfides and USY zeolites as a support, and their interactions during the depolymerization and
deoxygenation of Kraft lignin, and repolymerization of lignin fragments forming char residues. In the further work,
in Paper 1V, we further explored the efforts in limiting and inhibiting the undesired secondary reactions during
lignin depolymerization to ensure efficient depolymerization. On this subject, we worked on the co-hydrotreatment
of Kraft lignin and pyrolysis oil over the unsupported NiMoS catalyst as a strategy to suppress solids formation.
We further explored co-hydroprocessing with oxygenated monomers to understand the role of the co-reactant in
suppressing char-induced reactions. The effect of several reaction parameters such as reaction time, temperature,
catalysts loading, and co-feed reactant on the lignin hydrotreatment in terms of char and global bio-crude yield
was studied. In Paper V, a two-stages hydrotreatment of fast pyrolysis-derived bio-oils that first involved the
stabilization over an unsupported NiMoS catalyst in a continuous slurry hydrocracker and further upgraded in a
fixed-bed reactor. The work aimed to demonstrate hydroprocessing a bio-feed at pilot-scale without any fossil co-
feed producing a deoxygenated bio-hydrocarbon. Various analytical techniques were employed to better
understand the composition and properties of the upgraded products. In Paper V1, a collective effort was gathered
resulting in a review work that covered the upgrading of various renewable feeds (triglycerides, lignin model
compounds, waste lignin, and pyrolysis oil) over metal sulfide catalysts. Special focus was placed on discussing
aspects such as metal sulfide deactivation, reaction routes, and Kinetics. Future research needs were also discussed

in this review work. Figure 5 presented the workflow and also topics included in each study.
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Figure 5. Workflow and topics included in this thesis.
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The outline of this thesis is as follows:

Chapter 2 introduces the use of transition metal sulfides in hydrotreating, 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.
Slurry hydrotreatment of pyrolysis oil and approaches to suppress and limit the repolymerization of reactive lignin
intermediates are also discussed.

Chapter 3 presents the experimental techniques used in catalyst synthesis, catalyst testing experiments, and the
catalyst characterizations involved in appended papers.

Chapter 4 presents the main findings and discussions from the appended papers.
Chapter 5 provides the conclusion and summary of the thesis.

Chapter 6 discusses future work.






2 Background

2.1 Transition metal sulfides (TMS) as hydrotreating catalysts

In 1924, Krauch and Pier discovered the transition metal sulfides (TMS) as sulfur-resistant coal hydrogenation
catalysts at the former Badische Anilin and Sodafabrik in Ludwigshafen®7. TMS especially MoS; and WS, were
found to be active in hydrogenation reactions. The application of TMS catalysts was further explored and employed
in hydrodesulfurization (HDS), hydrodenitrogenation (HDN), and hydrodemetallization (HDM). These
hydrotreating reactions aim to remove impurities such as sulfur, nitrogen, and metals that are present in the
refractory fossil feedstocks. The modern hydrotreating catalyst systems used are the typical molybdenum (Mo) or
tungsten (W) sulfide systems supported on alumina promoted by metals such as nickel (Ni) or cobalt (Co). TMS
catalysts must be kept in sulfide form, and sulfiding agents, such as dimethy! disulfide (DMDS) or carbon disulfide
(CS,) are commonly co-fed in the hydrotreating on a lab scale to maintain the sulfidation degree of the catalysts.
Industrially, the catalysts in the oxidized form are sulfided at the refinery site by passing sulfur-containing
petroleum feed like gas oil through the catalyst bed®. Owing to the increase in interest in hydrotreating renewable
feedstocks such as lignocellulosic biomass, pyrolysis bio-crudes, and triglyceride-derived feeds, which has a
relatively high oxygen content of 10-40 wt%, hydrodeoxygenation (HDO) has gained tremendous attention in
academia and also in the renewables business. TMS also plays a key role in HDO because of the similarity between
the sulfur and oxygen atoms. 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).

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 inexpensive®°, The acidic properties of alumina
are known to be beneficial in breaking the C-O bond in anisole which can be found in lignin oil°. 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 reactions®. 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 hydroconversion?®. This indeed highlights the importance of using support materials
for the synthesis of hydrotreating catalysts. Mukundan et al. also studied the use of a carbon support for MoS,-
based catalysts and found promising results for HDO reactions-2, Carbon as a catalyst support attracts interest in
HDO reactions because of its high surface area, inert nature, high thermal stability, stability in water, and low

cost!®,

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 (“bulk”) TMS catalysts for hydroprocessing. The exploration
and development are also mainly driven by the increasing demand for the production of cleaner and greener fuel
while shifting towards the utilization of heavy oils and vacuum residues and their conversion into lower boiling
point fuel products. Apart from the heavy fossil-derived feedstocks, challenging renewable feedstocks (the so-
called ‘unconventional’ feed) such as pyrolysis oil, forest residues, and waste bio-polymers like lignin also possess

advantages when being processed with active bulk catalysts. The use of unsupported TMS catalysts allows for the



direct contact of the main active phase of the catalyst with the reactants/feedstocks and eliminates any possible
interference with the support material during the hydroprocessing. By omitting the effect of mass transfer, diffusion
limitations, and issues like pore-plugging, dispersed bulk catalysts can be effective in reactions such as slurry
phase hydrotreating. One excellent example of the use of an unsupported catalyst system is the NEBULA
technology that has been jointly established by ExxonMobil and Albemarle Catalysts'4*®. This commercialized
and patented technology has been able to show the superior activity of the unsupported catalysts as compared to
the conventional hydroprocessing catalysts®. Another application of the unsupported hydroprocessing catalysts
was the Eni Slurry Technology (EST) process'é. The EST process uses highly dispersed MoS; 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 activity?®.
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 unit'’.

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 kDa®8. Hence, there is a significant obstacle to 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 char'®%, 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 becomes 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 systems?!. Therefore, the use of sulfur tolerant catalysts like TMS can be of advantage when applied to

the Kraft lignin hydrotreatment.

Besides, various hurdles such as the low solubility of solid lignin in the solvent, repolymerization, and
condensation reactions of the depolymerized lignin fragments during hydrotreating resulting in the production of
insoluble and intransigent solid char residues, lead to low bio-oil yield. The production of undesired char residues
hampers the implementation of such solid bio-feedstocks in current facilities??. The necessity to limit and avoid
the condensation and repolymerization reactions that occur under the liquefaction of lignin feed incentivizes the

search for efficient lignin depolymerization methods for the production of lignin-derived monomers.

Sections 2.2, 2.3, 2.4, 2.5, 2.6, and 2.7 discuss lignin as a renewable feedstock, bio-crude properties, upgrading
methods such as hydrodeoxygenation, the application of traditional supported and unsupported HDS catalysts in
the upgrading of bio-oil monomer phenolics, co-processing of biomass feedstocks with emphasis on reaction
mechanisms and networks, slurry hydrotreatment of pyrolysis oil, and approaches to suppress char residues,

respectively.

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

Lignocellulosic biomass, one of the most abundant renewable on Earth has gained great interest in replacing fossil
feedstocks as a major source of carbon, which is also renewable. 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%),
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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 6 b)) which are randomly interlinked by recalcitrant C-C and
C-O bonds, as shown in Figure 6 a)?. In the pulp and paper industry, lignin is a byproduct that has been often
used as a renewable energy source by its combustion to produce heat and power 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 mill?*. 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.
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Figure 6. 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
biomass®. 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 s%. 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, and sugars, can be found in the bio-oil constituents?®. 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 it is acidic (pH
2-4) in nature due to the presence of carboxylic acids?. The oxygen content of this product is also high at up to 40
wt% oxygen, giving it a high viscosity and a low heating value in comparison to fossil-derived hydrocarbon

fuels?,

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,
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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
catalyst?’. Different reactions, such as demethoxylation (C-OCHj3 cleavage), dehydroxylation (C-OH cleavage),
hydrogenation (C=0 and aromatic ring saturation), hydrogenolysis, hydrocracking, transalkylation, and
isomerization can occur to 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 mechanisms 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 compounds®. There are typically three types of C-O
bonds: the bond between Caromaic-OH (Ph-OH), Caromaiic-OCH3 (Ph-Ome), and Caromaiic-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. Furthermore, the role of the catalyst components was elucidated by comparing the
supported and unsupported sulfided catalysts in the Kraft lignin hydrotreatment, and their interaction was studied
giving insight into the depolymerization, and repolymerization routes forming char residues. In addition, the co-
hydroprocessing of Kraft lignin with various bio-derived oxygenates over unsupported NiMoS catalysts was
studied. The effect of the addition of a second reactant as a co-reactant during hydrotreatment was studied as a
strategy for suppressing the undesired secondary reactions. The subsequent work also presented a strategy of
valorizing fast-pyrolysis derived bio-oils in a slurry hydrocracker at pilot-scale using the unsupported NiMoS. The

stabilized slurry feed was then hydrotreated in a fixed bed reactor over a commercial NiMo sulfide catalyst.
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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 reference?®. The unit for
BDE is given in kJ/mol.
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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 the hydrotreating of phenolic monomers.
Various catalytic systems employing mixed oxide supports in sulfided catalysts have been reported for the HDO
of phenolics. Garcia-Mendoza et al. have studied the activities of NiWS supported on TiOz, ZrO», and the mixed
oxide TiO,-ZrO; for the HDO of Guaiacol at 320 °C?°. Their results show that the support was responsible for the
HDO reaction producing phenol, catechol, and methylated compounds with NiWS supported on TiO, showing an
80% HDO product selectivity at full guaiacol conversion?®. In a similar catalyst system, Hong et al. have shown
that a 2 wt% Ni loading and 12 wt% W loading on such mixed oxide sulfided catalysts can give full guaiacol
conversion and a 16% cyclohexane yield under different reaction conditions®. The study also mentions that nickel
(Ni) performs better than cobalt (Co) as a promoter in catalyzing the HDO of guaiacol®. Another study using
CoMosS supported on the mixed oxide Al,Os-TiO; 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

Al,03*. The use of activated carbon as catalyst support has also been reported in the literature®?34, Mukundan et
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al. have prepared a single-layered amorphous MoS; on activated carbon for the HDO of guaiacol and found that a
single-layer MoS; deposition promotes deoxygenation and hydrogenation better than multi-layered MoS; in the

production of phenol®*.

The traditional NiMo on y-Al,Os in sulfided and reduced form was studied for phenol HDO®. Figure 7 shows the
general reaction network for the HDO of phenol using a sulfided NiMo catalyst®. 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 ring®. 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 extents®. They have performed DFT calculations showing that both DDO and HYD pathways occur on
sulfur vacancy sites (CUS)3. Romero et al. have also reported the same findings®”. Using 2-ethylphenol as a model
compound?, 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 8 and Figure 9, respectively®’.

In addition to Ni and Co, a study conducted by Yang et al. has demonstrated that phosphorus (P) was able to
promote the phenol HDO activity over a CoMoS-supported MgO catalyst, and they proved that DDO is the major
pathway in phenol deoxygenation®®. A non-conventional hydrotreating catalyst like supported ReS; has been
reported in several studies®®#4, For instance, ReS, supported on SiO, or y-Al,Os catalyst was applied in the
coprocessing of dimethyl dibenzothiophene and guaiacol*4. Both Re-based catalysts showed high HDS and HDO
activities; ReS; supported on SiO, showed high HDO rates giving 40% HDO products*. 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 HDO*'*5, For instance, Ir and Pt have been incorporated into RuS,/SBA-15 and used in the
HDO of phenol*®. The results have demonstrated a higher conversion rate of phenol (37-41%) and better
cyclohexane selectivity (62-63%) than the non-promoted RuS2/SBA-15%. It is important to note that the use of
noble metals involves high costs for catalyst production, which limits their industrial application. The sulfur
content in some bio-feedstocks, such as Kraft lignin, may act as a poison to such noble catalyst 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 Al,O3 under the same
reaction parameters (300 °C, 50 bar H,, 4 h, and batch system) for comparison®. Their main findings suggest that
the mono-aromatic oxygenates underwent three distinct pathways that included HDO, demethylation, and
methylation. This resulted in valuable products like phenol, benzene, cresols, and toluene*®. Less than 5% of
hydrogenated products were detected in the reaction medium, indicating that hydrogenation is the least preferred

reaction network for this catalyst system?.

It is commonly found in the considerable number of studies on the HDO of phenolic compounds that sulfiding
agents, such as dimethyl disulfide (DMDS) or carbon disulfide (CS;), were co-fed during an experiment to create
H>S 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 fats*’. 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 H,S partial pressure and sulfidation temperature on the conversion and selectivities
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of phenolics®. It was found that the increase in H,S partial pressure reduced the formation of deoxygenated

products from the HDO of guaiacol over CoMoS supported on carbon®.
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Figure 7. Reaction scheme for phenol HDO over sulfide supported NiMo catalyst®®. 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.
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Figure 8. DDO reaction pathway for HDO of 2-ethylphenol over supported MoS; catalysts®”. 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 9. HYD reaction pathway for HDO of 2-ethylphenol over supported MoS; catalysts®”. 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.

Sulfided Model Conversion . - HDO product
Entry catalyst compound Solvent (%) Reaction conditions selectivity (%) Ref.
NiWS
supported on . Batch, 320 °C, 55 bar 80% cycloalkanes 29
L | Tio,, 10, and Guaiacol Hexadecane 100 H,, and 1000 rpm (NIWS-TiO,)
TiOZ-ZI'Oz
Benzene (65%),
CoMoS °
2 supported on Phenol Dodecane 93 Batch, 3(?0 0(():0 54 bar Cyzclg hexage 31
ALO-TIO, H,, and 1000 rpm (25%) an
Cyclohexene (3%)
Phenol (37%),
Niws o Cyclohexane
3 supported on Guaiacol n-decane 100 Batcghg'ig ’b:;(:o c (16%), Benzene 30
TiO, ' (1%), Cresol (3%)
and others (43%)
Cyclohexene
NiMoS Continuous, WHSV = c (élrg?\ii)éne
4 supported on y- Phenol Dodecane - 29/ 36 h, 200/ 220/ y 35
AlLO 250 °C and 30 bar (93.4%) and
73 benzene (6.5%) for
200 °C and 29 h*
HDO activity (29.1
mmol.h*g?) for
5 su C%'\r/ltgdson Phenol/2- Toluene ) Continuous, 400 °C, phenol and (22 36
PP ethylphenol 70 bar mmol.h’g?) for 2-
Al,O3
ethylphenol
. Cycloalkanes (55%
6 'S\IJMgft/e%ooMnO§ Guaiacol/Phenol m-xylene /n- 30-100 Continuous/batch, for NiMo and 45% 48
PP o hexadecane 200-350 °C, 75-80 bar | for CoMo) at 300
23 oC
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Table 2 (continued). State-of-the-art sulfided supported catalysts for HDO of phenolic oxygenates.

Phenol, o-
cresol, anisole,
4-methylanisole,

CoMoS catechol,
guaiacol, 4- ) Batch, 4 h, 300 °C 46 46
7 supported on methylguaiacol, Dodecane 25-90 and, 50 bar See ref
Al,03 13-
dimethoxybenze
ne, syringol, and
vanillin.
Cyclohexane
NiMoS Phenol and o (85%), cyclohexyl
8 supported on y- methyl Dodecane 100 Batc:r,]j(;%/ig? c cyclohexane 49
Al,O3 heptanoate (14%), and others
(1%)
Oxygenated
MoS,/NiMoS/C compounds
oMoS Continuous, 340 °C, (19.1%) and 38
9 supported on 2-ethylphenol Toluene 22-24 and 70 bar deoxygenated
Al,O; compounds
(80.9%) for NiMoS
. AEQ o Benzene (65%) and
10 CoMoP/MgO Phenol Supercritical 17-90 Batch, 350-450 °C, 1h | o (26%) at450 | 3*
hexane and 50 bar oC
NiMoS/CoMoS Phenol and -
11 | supported on y- methyl m-xylene 5-28 Ba})tch/contmuous, 250 See ref*’ a7
C, 1 hand 15 bar
Al,O3 heptanoate
CoMoS Methyl- .
. n-heptane/n- I Continuous, 300 °C 50 50
12 supported on substituted decane 10-50 and 28.5 bar See ref
Al,O3 phenols
Guaiacol,
CoMoS on ethyldecanoate, . o
13 activated and 4- - 17-19 Continuous, 270 °C See ref®2 32
and 75 bar
carbon methylacetophe
none
MoS; on
. . . ~ Batch, 300 °C, 50 bar, 33 33
14 activated Guaiacol Decalin 10-30 and 1000 rpm See ref
carbon
Phenol (52%),
Cycloalkanes
(12.2%),
cyclohexanol (5%),
15 f':gtc:\slétzg Guaiacol Dodecane 55 Batch, 300 °C, 50 bar, anisole (0.3%), 34
carbon 5 h, and 1000 rpm benzene (0.4%),
catechol (1.8%),
veratrole (0.8%),
methanol (0.04%)
and gases.
For Ir-RuS,/SBA-
15, cyclohexane
. 63%),
16 (Iror Py Phenol Decalin 37-41 Cfggn#?ugig\{’gsgoz cyc(loheo>2ene 45
RuS,/SBA-15 b.ar and TOS _’4 h (11%), benzene
’ - (7%), and
cyclohexanol
(19%)
For guaiacol,
. henol (13%),
- Guaiacol and Hexadecane Batch, 250 °C, 50 bar P
17 ReS,/SiO, 15-20 ' ’ " | catechol (1%),and | 4
phenol and dodecane and4h cyclohexanol
(0.5%)
For ReSZ/SiOZ,
. . Batch, 300 °C, 50 bar, phenol (60%), 40
27 ReS,/SiO, Guaiacol Dodecane 80 and 4 h cyclohexane (20%)
and others.
ReS,/activated . } Batch, 300 °C, 50 bar, 42 42
28 carbon Guaiacol Dodecane 40-80 and 4 h See ref
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Table 2 (continued). State-of-the-art sulfided supported catalysts for HDO of phenolic oxygenates.

Guaiacol and

ReSZIS|Oz(AI2 4.6- Batch, 300 °C, 50 bar, A4 44

29 0s) dimethyldibenzo |  D0decane 80 and 4 h See ref
thiophene
Re/ZrO, and o
30 Re/ZrO,- Guaiacol Decaline 10-70 Batch, 300 °C, 50 bar, See ref*3 43
and 4 h
sulphated

Ni/Cu/Zn/Fe on | Propylguaiacol Batch, 300 °C, 50 bar, See ref’! 51

31 MoS,/Al,05 and Kraft lignin Dodecane %9 1000 rpm, and 4 h (This thesis)
2.4 HDO of bio-oil model compounds over unsupported sulfided catalysts

Conventional transition metal sulfides (TMS) typically contain 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 the 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 at
moderate synthesis temperature (150-250 °C) and the absence of hydrogen pressure2->. Wu et al. have prepared
a series of hydrophobic unsupported MoS,, NiS;-MoS;, and CoS,-MoS; using hydrothermal synthesis with the aid
of silicomolyhdic acid for the HDO of 4-ethylphenol®®. The CoS,-MoS; catalyst achieved a 99.9% 4-ethylphenol
conversion with a 99.6% ethylbenzene selectivity after 3 h. The catalyst showed good recyclability after 3 runs at
225 °C%, 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 10°2. 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 OH," species is cleaved in the form of H,O-producing toluene®2. The second route involves HY D 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
methylcyclohexane®?. The study also described a p-cresol adsorption scheme on the unsupported CoMoS
catalyst®?, as shown in Figure 11. P-cresol could adsorb via its vertical orientation and coplanar position in relation

to the DDO and HYD routes, respectively®2.

CHa CHs
-H0
= i
CHa CHa y
+Hs OHy' 2
——
\ CHa CH3 CH3 CHs
OH OH Y4 +H -H0 +Hp
1 ° S —_— —
OH OHz* 3

Figure 10. A reaction network for p-cresol HDO over unsupported CoMoS catalyst®2. 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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(2) Co-planar position adsorption

Figure 11. Adsorption scheme for HDO of p-cresol over unsupported CoMoS catalyst®2. 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 reactor. The NiMoW sulfide unsupported catalyst gave a 99.6%
guaiacol conversion with minimal coke formation at 400 °C%8. Adapted from the reference, shown in Figure 12,
guaiacol underwent HDO via demethylation (DME), demethoxylation (DMO), and transalkylation®8. Phenol was
formed by either the direct demethoxylation of guaiacol or the dehydroxylation of catechol; both reactions resulted
in the production of benzene®. 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 group®. Recently, in a mini-review by Cao et al., they summarized the use of unsupported
MoS; catalysts in the deoxygenation of bio-oil model compounds such as p-cresol focusing on synthesis, defect
engineering of MoS;, and deactivation mechanism®°. It was highlighted that more efforts should be dedicated to
the synthesis of single-layer MoS;, reduced-layer-number MoS,, and defect-rich MoS, that can significantly

improve HDO activity®®.

oMo
- CH;OH

T len,
OH 4

+H; +H,
— EE—
- H,0 -H,0
i OCH;
Transa[kylat:on +H o +H
—’.. _1
cny O

Figure 12. A proposed reaction scheme for HDO of guaiacol over NiMoW catalyst®. 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).

19



Table 3. State of the art of sulfided unsupported catalysts for HDO of phenolic oxygenates.

Sulfided Model Conversion . . HDO product
Entry catalyst compound Solvent (%) Reaction conditions selecti\eity %) Ref.
MoS;, NiS;- 4-ethylphenol o
1 MoS,, and ade4- Dodecane 44815 Baté:t;], 300 °C, 40 bar, See ref*® 56
. and 900 rpm
CoS,-MoS, propylguaiacol
CoMoS p-cresol, : 100 after3h | Batch, 300 °C, 40 bar .
2 X anisole, and Decalin ' ' " | Areneyield (98%) | 60
nanosulfide - (p-cresol) and4h
diphenyl ether
Creosol and o
3 Co0S,/MoS; phenol Dodecane 18-98 Batch, 250 °C, 40 bar, For COMO-?,‘?” 61
derivatives and1lh toluene (99%)
4 “égij:gf Phenol n-decane 30-98 Batlcsrg ?;ra ;1' dzf Ear, See ref®? 62
For NiM0S-0.3,
benzene (30.4%),
cyclohexane
Amorphous Batch, 350 °C, 28 bar, 52.4%),
5 Nil\ﬁos Phenol n-decane 34.5-96.2 150 rpm,and 1 h cy(clohexgne ®
(9.8%),
cyclohexanone
(7.4%)
For phenol,
Phenol, 4- benzene (36%),
methylphenol, Batch, 350 °C, 28 bar, methylcylohexane
6 MoS, and 4- Hexadecane 34-52 1000 rpm, and 7 h (6%) and .
methoxyphenol cyclohexylbenzene
(43%)
Phenol (45%),
Continuous, 400 °C, creosol (15%),
7 NiMow Guaiacol - 99 28 bar, and WHSV = catechol (10%), 58
2.7ht and hydrocarbon
(30%)
For CoMo-0.5-200,
methylcyclohexane
Batch, 350 °C, 28 bar, (6.3%), 52
8 CoMoS p-cresol Dodecane 78.8-98.7 900 rpm, and 7 h methylcyclohexene
(1.5%) and toluene
(92.2%)
For W-Mo-0.5,
methylcyclohexane
- Batch, 300 °C, 40 bar, (66.7%), 65
9 Ni-WmoS p-cresol Dodecane 85-97.9 700 rpm, and 6 h methylcyclohexene
(3.2%) and toluene
(30.3%)
Toluene (87.2%),
o methylcyclohexane
10 | NiMo(W)S | 4-methylphenol |  Decalin 93.9-97.8 Ba;%'g %0 En d3g Ear' (113%),and4- | 66
pm, methylcyclohexene
(1.5%)
Toluene (95.6%),
o methylcyclohexane
11 NiMoWsS 4-methylphenol Decalin 87-100 Ba;%% 300 °C, 30 bar, (2.9%), and 4- 67
rpm,and 5 h
methylcyclohexene
(1.5%)
12 '\ggg’MNcl’%iz‘ 4-methylphenol Decalin 30-100 Ba;cofg ?;)r% ;:n’ d3g Ear, See ref® 68
3 | MoS,(effect of | d 2-100 5 bar 500 o and 69 69
1 adding CTAB) p-creso Dodecane 42-1 40 bar, hrpm, and 5 See ref
For NiMo-0.3,
methylcyclohexane
. Batch, 300 °C, 40 bar, (67.1%), 3- 70
14 NiMoS p-cresol Dodecane 67-100 900 rpm, and 5 h methylcyclohexene
(4.12%), and
toluene (28.8%)
For FeMo-0.3,
methylcyclohexane
Batch, 250 °C, 40 bar, (3.7%),
15 Fe-MoS, p-cresol Dodecane 63.3-98.3 900 rpm, and 5 h methylcyclohexene n
(1.6%), and toluene
(94.7%)
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Table 3 (continued). State of the art of sulfided unsupported catalysts for HDO of phenolic oxygenates.

NiMoS from Batch, 320-380 °C,

- . Toluene and 30-70 bar, 700 rpm, 72 72

16 oil-soluble Guaiacol water 100 and 4-8 h (water gas See ref
precursors : -
shift reaction)
) Batch, 300-340 °C, 7
17 | Unsupported | Propylguaiacol | 040 o0 90%-99% | 50-76 bar, 1000 rpm, See ref™ 73
MoS, and Kraft lignin and 5 h (This thesis)

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 a 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 13. 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/Al,O3™*. Their study highlighted that the
use of hydrogen donor solvents such as tetralin is effective in depolymerizing lignin and also limiting condensation
reactions’. 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 bonds during lignin depolymerization with the hydrogen radicals
from tetralin™. 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 yield™. A solvolytic oil from liquified lignocellulosic biomass was hydrotreated in a batch reactor setup with
different hydrogen donor solvents over a series of catalysts such as NiMo/Al,O3 catalysts in an oxide, reduced,
and sulfided form and reduced Pd/Al,Oz or carbon’®. The sulfided NiMo on alumina was found to give excellent
liquid product yield with good rheological properties and gross calorific value’. Levec et al., have studied the
same liguified solvolysis oil hydrotreated using unsupported MoS,, Mo,C, MoO, and WS; catalysts’’. They have
reported the synthesis of urchin-like MoS; interconnected with carbon materials through the sulfidation of Mo
precursors, such as Mols and cyclopentadiene-MoCl,7. Their work has demonstrated that the synthesized
unsupported MoS; gives a high selectivity for deoxygenation and possesses a three times higher dehydroxylation

rate than the commercially available bulk MoS;"".

Organosolv poplar lignin-derived oil has been subjected to depolymerization using MoS; on activated carbon
(AC), which resulted in high selectivity for alkylphenols (76.2%). The study highlights MoS2/AC as an effective
catalyst in simultaneous depolymerization coupled with the demethoxylation of lignin fragments, which produces

alkylphenols™. Another study has reported Kraft lignin hydrotreatment for the production of alkylphenols using a
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variety of sulfided Mo and W on various supports promoted by Ni and Co. 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 hydrotreatment™. 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 cleavage of C-C and C-O bonds in lignin using various model compounds and
Kraft lignin over NiMoS on carbon®. The catalysts demonstrated good activity in lignin depolymerization,
resulting in low molecular compounds comprised of monomers and dimeric aromatics®!. The excellent catalytic
activity was mainly attributed to the absence of support metal interaction, which promotes the formation of the

NiMoS phase for deoxygenation activity!®.
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Figure 13. Reaction scheme of lignin hydroconversion over sulfided NiMo/Al.Os adapted from reference™. 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 MoS,-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 (real biomass/lignin-derived bio-oils) over sulfided catalysts.
] . HDO product
Entry Sulfided Feedstocks Solvent Conversion Reaction conditions selectivity (%) and | Ref.
catalyst (%)
remarks
Hydrogen
donor
solvents
Supported (Tetralin, 2-
oxide, reduced Solvolyzed propanol, .
1 and sulfided lignocellulosic phenol, m- - Siml continuous, 300 See ref’® 6
] - p C, 80 bar,and 1 h
NiMo, Ni, Mo, biomass cresol,
and Pd anthracene,
cyclohexanol,
xylene, and
pyridine)
Unsupported Solvolyzed . .
2 MoS,, MoO, lignocellulosic Tetralin - Sggl-gg rggpu:nuj ’133 0 See ref’’ n
Mo,C, and WS, biomass ' '
Alkylphenol
. (76.2%),
Supported Organosolv Methylcycloh Batch, 300 °C, 30 bar, 78
3 MoS poplar lignin oil exane ) and 10 h cycloalkanes
2 (15.5%) and arenes
(8.3%)
Supported NiW - Superecritical ) Batch, 320 °C, 35 bar, 30 80
4 and NiMo Kraft lignin methanol and 8 h See ref
Supported
J L § ) Batch, 350 °C, 100 79 79
5 NiMo and Kraft lignin Solvent-free 65-91 bar, 1200 rpm, and 4 h See ref
CoMo
Semi-continuous, 350 81,8
6 CoMoS on Wheat straw Tetralin 91 °C, 80 bar, 800 rpm, See ref®1:82
alumina soda lignin 2
and 13 h
. Lignin model Batch, 300 °C, 50 bar, For Kraft lignin
NiMoS; on . L experiment, total 11
7 carbon compour}ds _and Dodecane - catalyst:feed ratio = monomer yield
Kraft lignin 1:10,and 3 h (18.98%)
. Continuous, 340 °C,
g.ht, and TOS of 80 h
- Batch, 350 °C, 80 bar
. Wheat straw Tetralin/Dode ' ! ' 74 74
9 NiMoS/Al,05 soda lignin cane 71-35 800 rpm, a;]nd 1/14/28 See ref
Batch, 350 or 400 °C,
10 ReS,/Al,0; Kraft lignin Hexadecane > 98% 56-68 bar, 1000 rpm, See ref3 84
and 3-6 h
Unsupported Kraft and Batch, 330-400 °C,
11 NiMoS-SBA hydrolysis Hexadecane 91-99.5% 50-80 bar, 1200 rpm, See refs® 85
catalysts lignin and 5-12 h
Unsupported o
NiMoS and I N Batch, 400 °C, 72-80 See ref’ 86
12 NiMo-USY Kraft lignin Hexadecane 99% bar, 1000 rpm, and 5 h (This thesis)
zeolites
2.6 Slurry hydrotreatment of pyrolysis oil over sulfided catalysts

Pyrolysis oil produced from the fast pyrolysis of solid biomass contains a variety of compound groups like sugars,

alcohols, phenols, ketones, aldehydes, furans, and acids. These compounds contribute to various detrimental

properties of pyrolysis oil which need to be addressed before the full utilization of pyrolysis oil as a fuel or other

applications by hydrotreatment in petroleum refineries. Slurry hydroconversion of challenging feedstocks like

pyrolysis oils and fossil residues to renewable liquid hydrocarbon can be seen as a potential technology for the

stabilization of renewable feeds before their further processing. In slurry hydroprocessing, a slurry feed containing
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the liquid feedstock and a dispersed unsupported catalyst was introduced to the hydrocracker with hydrogen
undergoing a hydrocracking process. Besides, many strategies have been explored for hydroprocessing FPBO, for
instance, one-stage packed-bed hydroprocessing®’, two-stage mild hydrotreating followed by high-temperature

hydrocracking®%?, and a pre-derivatization step followed by hydrotreating in a fixed-bed hydrotreater®.

Shumeiko et al. performed a series of screening tests of lab-synthesized and commercial sulfided NiMo catalysts
for long-term hydrotreatment of wheat/barley (50/50 wt%) straw-derived pyrolysis oil in a fixed-bed reactor
aiming to produce a hydrotreated pyrolysis oil that is compatible with the petroleum refinery fraction for co-
processing®. The assessment of their results was based on the HDO and HDS activity. Their results showed that
the catalysts synthesized by co-impregnation were better than the catalysts prepared by a two-step impregnation
procedure despite having the same active NiMo phase loading and the same commercial alumina support. While
the commercial catalysts performed worst among all the catalysts in terms of HDO activity, they showed the best
HDS performance®?. The difference in activity may be attributed to the different physicochemical properties of the
catalysts and also preparation methods. These results suggest that the HDS activity of a sulfide catalyst is not
suitable for indicating its HDO performance for pyrolysis oil. The long-term experiments (80 h) in their work were
useful in understanding the deactivation of the sulfided catalysts®. Their experimental results showed product
quality changes, which were indicated by a gradual loss of catalyst activity with increasing time-on-stream®. Thus,
their work demonstrated the feasibility of using biomass-derived pyrolysis oil to obtain a compatible feedstock for
co-processing in a refinery, however, the stability of the sulfided catalysts needs to be fully addressed before

achieving a successful deployment of the technology.

Another study conducted by Zhang et al. looked at upgrading a pyrolysis oil produced by the fast pyrolysis of
forest residues with light cycle oil (LCO) as a reaction medium using a dispersed unsupported MoS, catalyst®®,
The use of the dispersed unsupported catalysts was considered to allow better interaction between the active sites
of the catalysts, hydrogen, and the heavy feedstock resulting in less solid yield. The low solid yield ranging from
0.8 to 1.8 g/100 g bio-oil at the end of their experiment showed that the use of dispersed unsupported materials
can suppress the side reactions such as polymerization and re-polymerization of the large molecular weight
compounds and reactive species that result in solid residues. Besides, Bergvall et al. also demonstrated the co-
hydroprocessing of fast pyrolysis bio-oils (FPBO) with vacuum residues and vacuum gas oil with different feeding
ratios in a continuous, as well as a semi-batch, slurry hydrocracker using in-situ sulfided oil-soluble molybdenum
precursors'’. The continuous run with 24 h time-on-stream resulted in highly deoxygenated liquid products?’.
Their results show that the semi-batch run of FPBO with the heavy residues resulted in coke formation and also
higher gas yield as compared to the run without FPBO?’. It was also mentioned that FPBO is sensitive to high

temperatures which can lead to issues like coke formation and clogging within the reactor system?’.

Priharto et al. studied the hydrotreatment of pyrolysis oil derived from lignin-rich digested stillage over
commercial sulfided NiMo and CoMo catalysts®. They demonstrated the feasibility of utilizing solid waste
residues from bioethanol processes for the production of pyrolysis oil. The further hydrotreatment of the pyrolysis
oil also resulted in an appreciable oil yield of 60-64 wt%®%. It should be noted that the nitrogen content in such
feed should be refined employing hydrodenitrogenation (HDN), as, from their GCMS analysis, nitrogen-
containing aromatic heterocyclic compounds present in the feed like indoles were converted to pyrroles. Hence,

the removal of nitrogen content in pyrolysis oil by means of hydrodenitrogenation (HDN) should be addressed in
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any future study with the aid of sulfided catalysts. For instance, Izhar et al. studied HDN of fast-pyrolysis oil
derived from sewage sludge over a phosphorus-promoted sulfided NiMo/Al,Oj3 catalyst®®. The main finding from
their work showed that dissolving pyrolysis oil using a non-polar solvent like xylene improved nitrogen removal
compared to using protic solvents due to the competition between denitrogenation and deoxygenation reactions®.
It is apparent that to ensure the successful assimilation of challenging renewable feedstocks into existing
infrastructures, various aspects such as the use of catalysts, co-refining techniques, process optimization,

improvements, and pretreatment of feedstocks, etc. are needed.

2.7  Strategy to suppress char formation reactions — use of co-solvent, co-reactant, or capping

agent

Exploring different approaches that can limit and avoid the condensation and repolymerization reactions that occur
under the liquefaction of lignin sources employing different depolymerization methods (i.e. solvolysis, base-
catalyzed, hydrothermal liquefaction (HTL), oxidative, and reductive) could provide an opportunity for the
production of lignin-derived monomers. Kim et al. have summarized in a mini-review discussing the possible
undesired secondary reactions during the liquefaction process of lignin and also efforts to suppress those undesired
reactions and in turn, maximize the yield of low molecular weight products®. The undesired secondary reactions
like condensation already occurred during the fractionation and pretreatment of biomass limiting the production
of the low molecular weight lignin fraction. It was mentioned that reactive intermediates such as carbocation and
quinone methides induced the repolymerization reactions and resulted in the formation of condensed lignin®*.
Lignin condensation can be classified into benzylic carbocation-induced diarylmethane (DCM) condensation,
aldehyde-induced DCM, radical-induced coupling reactions, and carbonyl-induced aldol condensation®. Lan et
al. presented an overview of different ways to avoid the recondensation of lignin, and these ways can be divided
into two major groups, the first group focuses on trapping the reactive lignin intermediates in-situ and forming a
more stable lignin molecule, and the second group focuses on preventing the formation of reactive intermediates
by physical or chemical stabilization of lignin linkages®. Another review work outlines the strategies using
chemical functionalization as a means to stabilize the reactive intermediates resulting from the condensation
pathways during the defragmentation of biomass®’. One of the char mitigation methods is to supply or co-feed a
second reactant during the liquefaction of lignin, this second reactant/co-solvent can function as a capping agent,
which can chemically trap the reactive intermediate resulting from the depolymerization and prevent charring
reactions. There are also studies showing the use of phenol as a protecting agent in the base-catalyzed lignin
depolymerization®% and also hydrothermal liquefaction of lignin exhibited a positive influence in terms of
achieving high bio-oil yields and also suppressing repolymerization of large lignin fragments'®. Table 5 presents
an overview of literature related to various strategies in suppressing the undesired secondary reactions during
lignin valorization using a co-solvent, co-reactant, or capping agent.

25



Table 5. Literature overview related to the use of co-solvent, co-reactant, or capping in lignin valorization for char

suppression.

-Short residence time is beneficial in minimizing char
formation.

Co-solvent or reactant Reaction system Finding Ref.
Sodium lignosulfonate (SL) -SL was found (_iepolymerized thermally, Wit_hout any
Methanol depolymerization in continuous catalyst, and independent of the solvent mixture. 101
mode -The MeOI_—Ilwater solvent system resul_ted in higher
monomer yield and lower molecular weight products.
-The capping effect of ethanol resulted in the stabilization
Ethanol/Methanol Soda lignin depolymerization of reactive phenolic interme('iiates by O-al_kyl_ation of OH 102
groups and C-alkylation of aromatic rings.
-Ethanol was found to be more efficient than methanol.
-Ethanol as a solvent system resulted in a higher monomer
Lignin yield than methanol.
Ethanol/Methanol depolymerization/hydrogenolysis -Ethanol scavenges lignin-derived formaldehyde which is | 103
known to be involved in undesired repolymerization
reactions.
-Boric acid and phenol as a capping agent yielded different
Phenol/Boric acid Base-catalyzed lignin products distribution during lignin depolymerization. 98
depolymerization in water -Using phenol as a capping agent resulted in higher
phenolic compound yield and low char yield.
- -Supplementing phenol reduces the repolymerization and
Phenol and methanol "Hl)J/(()irr(l)Jls);:]lc K;%Ee;st 212::;:'; condensation reactions during Kraft lignin 104
4 Y Y depolymerization in black liquor.
Phenol-assisted lignin -Phenol acts as a solvent for Ii_gnin dissolutio_n.
Phenol depolymerization -Phenol scavenged the methylene linkages (C-C linkage) | 105
in condensed lignin facilitating lignin depolymerization
-Formaldehyde reacts with 1,3 diol structure of 3-O-4
Formaldehyde Extraction of lignin under acid linkages to form acetals and prevents the formation of a 106
condition reactive carbocation intermediate inhibiting the
condensation reactions.
Base-catalyzed lignin -Boric acid inhibited the addition and condensation
Boric acid depolymerization reactions by capping the phenolic OH group by forming 107
boric ethers and increasing oil yield.
Aniline Oxidative lignin -Aniline can stabilize vanillin by protecting the carbonyl 108
depolymerization group through the reversible formation of imine.
-Isopropanol as a co-solvent presented a capping effect
such as the reduced molar mass of both char and also
Isopropanol Hydrothermal liquefaction precipitated solids. 109
(HTL) of softwood Kraft lignin -The char-suppressing effect of isopropanol is less
effective as compared to phenol under similar reaction
conditions.
. . -The depolymerized fragments of lignin oil in EtOH had a
Ethyl:{;}iggc(gtc()EHG)) and Redl:%'f:’éﬁ?gggg's of lower molecular weight compared to the oil product in EG. | 110
-EG inhibited condensation reactions.
-The organosolv lignin was depolymerized into phenolic
oil and used as a renewable capping agent in base-
Lignin-derived phenolic ol Base-catalyzc_ed I?gnin catalyzed lignin c!epolymerization. 99
depolymerization -The usage of a capping agent favored the
demethoxylation of guaiacyl units, and reduced the
repolymerization reactions and thus the solid char yield.
-HBA is a novel capping agent.
p-hydroxybenzyl alcohol Acid-catalyzed lignin -HBA was able to limit condensation reactions resulting in | 111
(HBA) depolymerization a high yield of depolymerized ethyl acetate soluble lignin
with high antioxidant ability.
. . . -Formic acid generates in-situ hydrogen.
Formic acid N::Ig]dn?r?tgggfyrriigfzt;\t/iir:(irsﬁ —Thg addition of 3.6 vol% f_ormic_ ac_id in the process 112
ethanol/water provided smaller depolymerized lignin fragments with
more phenolic OH functionalities
-Glycerol decreased the molecular weight of the liquid
product but increases the char yield.
-The addition of NaOH in the process, improved the yield
Glycerol HTL of Kraft lignin of monoaromatics. 113
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3 Experimental

This chapter of the thesis describes the catalyst synthesis methods, catalyst characterization methods, catalytic test

measurements, and product analytics methods.

3.1 Catalyst synthesis

3.1.1  Supported sulfided catalysts

Unpromoted Mo supported on y-alumina (Paper I) was prepared using a conventional wet impregnation method
following the procedure reported earlier by our group*'4. This unpromoted Mo y-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(CsH70,). in 20 mL
of ethanol was first prepared for the Ni-promoted catalyst. The unpromoted Mo supported on y-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 y-alumina. lron (1)
acetylacetonate (99%), Fe(CsH-O2)s, Zinc acetylacetonate hydrate (99.995%), and copper (Il) nitrate hemi
pentahydrate (98%) were used as Fe, Zn, and Cu precursors, respectively. These catalysts were sulfided before the

catalytic tests and will from this point on be denoted as the Mo, NiMo, ZnMo, FeMo, and CuMo catalysts.
The description of the supported catalyst preparation method for Paper 111 is presented in Section 4.3, Table 11.

3.1.2  Unsupported sulfided catalysts

A facile hydrothermal synthesis inspired by various studies was followed in the second study to prepare an
unsupported MoS; (Paper 11)11>%, 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; taking 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) 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 a 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 MoS,-12 and MoS;-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 MoS;-12a or MoS;-24a. Commercially available bulk MoS; from
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Sigma-Aldrich in powdered form with a particle size of ~6 um (max. 40 um) and a sulfided Mo-supported catalyst

were also used in the second study for comparison.

For the third and fourth studies in this work, the unsupported NiMoS catalyst (Paper 111 and Paper 1V) was
synthesized using a hydrothermal method with further modification reported in the second study. Precursors for
Ni, S, and Mo were Nickel (II) nitrate hexahydrate, thiourea, and ammonium heptamolybdate tetrahydrate
respectively. The metal precursors were weighted according to the molar ratio of Ni:Mo of 1:2 and with 4.25 g of
thiourea, they were dissolved in 180 mL of distilled water. Then 7 mL of HCI (36 wt%) was slowly added into the
solution to adjust the pH to approximately pH 1. The sample solution was transferred into a Teflon liner and put
into the autoclave before closing the lid. The oven was set at 200 °C for 12 h. After 12 h, the sample was cooled
down, it was filtered, and washed with MilliQ water several times, followed by absolute ethanol. The solid catalyst
that was collected on filter paper was covered with aluminum foil and dried under vacuum in an oven at 50 °C
overnight. The dried catalyst was ground in a mortar to refine the particles and break any solid clumps, weighted,

and stored in a dry cabinet.

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 Ha/N: gas line, an outlet for gas release, and a sampling line for reaction liquid sample collection (0.5 — 2 mL).

The reactor setup is shown in Figure 14.

Reactor w/
Heating Jacket

Figure 14. 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
(DMDS, >99.5%, Sigma-Aldrich) with 20 bar of H 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 N three times to remove air, followed by three
flushings with 5 bar of Hy. The final reaction conditions for all experiments were set at 300 °C, 50 bar H», 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
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N2 before collecting the reaction sample. After each reaction sample collection, a small drop in pressure 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.

Parts of the first, second, third, and fourth 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
or 400 °C, a total of 70-76 bar of H, pressure depending on the catalyst was used, and stirring speed 1000 rpm.
The hydrotreatment reaction was monitored for 3 h, 5 h, 6 h, or 8 h once the reaction temperature was reached.
The heating period took approx. 40 minutes to reach the desired temperature. No reaction samples were collected
for these experiments. The liquid product rich in hexadecane obtained after the hydrotreatment was regarded as
bio-oil in all the studies. The solid residues obtained after the filtration contained char residues and also spent
catalysts. The solid residues were washed with acetone several times to remove the residual hexadecane and dried
in an oven overnight. The dried solid was then washed with dimethyl sulfoxide (DMSQ) to dissolve unconverted
lignin. The yield of lignin-derived char residue was determined based on the initial lignin feed by subtracting the

catalyst weight and the unconverted lignin from the total dried weight of the solid products.

A pilot slurry hydrocracking (SHC) facility located in RISE Research Institutes of Sweden ETC, Pited was used
for a first stage of hydrotreatment of FPBO (Figure 15) in Paper V. The SHC pilot plant consisted of a stirred
tank batch reactor with a total volume of 2.6 dm?®, a slurry preparation tank, a double-syringe pump, a High
Pressure-High Temperature (HP-HT) separator, a Low Pressure-Low Temperature (LP-LT) separator, actuators,
and product collection tanks equipped with scales. At the beginning of the campaign, the reactor was filled with
1.67 g of unsupported NiMoS catalysts (referred to as unsupported NiMoS in Papers 111 and 1V) and 500 g of
hexadecane. The batch system was leak proofed and pressurized with hydrogen to 100 bar and heated to 410 °C
with a heating rate of 200 °C/h. The stirring rate was set at 1340 rpm and a continuous hydrogen flow of 1800
Ndm3/h was fed throughout the experiment. In the slurry preparation tank, 9.867 kg of FPBO, 33 g (contains 30%
Mo, based on total catalyst weight) of unsupported NiMoS, and 1 g of DMDS were input into the tank to create
the slurry feed. When the desired reaction temperature was reached in the main reactor, a continuous feed of FPBO
slurry (0.33 wt% catalyst concentration) with a flow rate of 1 dm?h was used throughout the experiment. The
average residence time was 2.6 h and a liquid hourly space velocity (LHSV) of 0.385 h-! resulted from the liquid
flow rate. The slurry feed and H, were fed into the bottom of the reactor vessel that had reached the reaction

temperature.

The liquid and gas samples were continuously withdrawn during the experiment from the top of the reactor to a
high-pressure high-temperature (HP-HT) separator. In the HP-HT separator, the water and light volatile organic
compounds were evaporated while the remaining heavy liquid product was withdrawn through the bottom of the
separator and directed to the collection tank. The evaporated product was directed to a low-pressure low

temperature (LP-LT) separator where the products were separated into water fractions and light oil products and
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directed to the collection tanks. The mass flow of the gas stream was continuously measured using a Coriolis mass
flow meter and further analyzed by a micro-GC with dual thermal conductivity detectors (TCD). The product
collection tanks were placed on scales for continuous monitoring of the masses of final products. The feeding of
the slurry started at 09:45 (07-06-2022), and after 3.75 h, the heavy product tank was emptied. The collected
products were centrifuged and separated into a water phase, an oil phase, and a hexadecane phase (initially present
in the main reactor). The continuous feeding of the slurry proceeded for another 4 h and the heavy product was
again collected. The collected heavy product was then centrifuged and separated into a water phase and an oil
phase. These collected heavy liquid products were then dewatered by distillation to separate the remaining water.
The resulting light oil product collected from the collection tank was then mixed with the dewatered heavy product
and further filtered with a 10-20 pum filter, creating a stabilized slurry FPBO for further hydrotreatment in a fixed

bed reactor.

The fixed-bed hydrotreater used in Paper V is located in the mini-refinery in RISE, Sddertélje. The fixed-bed
reactor is equipped with a thermometer slit, and a furnace, and has the dimensions: 0.5 inch (12.7 mm) external
diameter, 0.4 inch (10.22 mm) internal diameter, 916 mm bed height, and 75.1 mL bed volume. The catalytic bed
was first dried under nitrogen at 10 bar and 250 °C. The catalyst used was pelletized supported NiMo on &-alumina
(HDC-10) from Hulteberg Chemistry and Engineering. The catalyst was then sulfided using a flow of light gas oil
(LGO) with 4 wt% dimethyl disulfide (DMDS) at 70 bar hydrogen pressure and 350 °C for 4 h. The continuous
reaction was performed with the stabilized feed from the SHC at 80 bar H, with a liquid flow corresponding to an
LHSV of 0.5 h'! and a gas-to-oil volumetric feed ratio of 1000:1. 11 liquid samples were collected at different

times on stream during the hydrotreatment with varying reaction temperature.

Six liquid samples were fractioned into aqueous and organic phases. The organic phases were pooled and
underwent distillation into three main fractions as follows: a fraction with a boiling point below 177 °C collected
at atmospheric pressure, a fraction with a boiling point between 177-343 °C, and a fraction with a boiling point
above 343 °C (distillation residue). These distillate fractions were further analyzed to understand their composition

and functionality.
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Figure 15. Slurry hydrocracker (located in RISE ETC, Pited) used in Paper V a) front view of SHC, b) back view
of SHC, c) slurry feed tank, d) actuators, and e) double-syringe pump.

3.3 Product analysis

For the first study, 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 x 250 um x 0.25 pm), a Flame lonization Detector (the setpoint
was 335 °C), and a mass spectrometer for compound identification viaa 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

Cre (%) = x 100

Co— C, 1)
Co
where Co is the initial concentration of PG and C: is the concentration of PG at the reaction time equal to t.
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Reaction product yields were calculated as

¢ 2
Yproduct(%) = _productt x 100 ( )
0
where Cproduct, t is the concentration of the reaction product at the reaction time t.
Reaction product selectivities were calculated as
¢ 3
Sproduct(%) = _productt x 100 ( )

C, —C,
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 (DMSQO) washing. After

dissolving the unconverted lignin with DMSQO, the solid product was dried again in an oven at 80 °C overnight.

The bio-liquid products were also in some cases analyzed with 2D GC x GC-MS FID (Agilent 7890-5977A) 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 pL. 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 x 250 um x 0.25 um) and a non-polar phase column DB-5MS Ul (1.2 m x 150
pm x 0.15 um). The 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 selectivities in the
liquid were calculated by dividing the corresponding MS blob volume of a product by the total MS blob volume

for all identifiable products in the liquids.

For the third study (Paper IlI), the 2D GC analysis was done using the same method as in Paper I and |1, with
greater effort being placed on the quantification of individual components of the bio-oils. The bio-oil yields were
measured using external standard calibrations. Dihexyl ether was used as an internal standard. Calibration curves
were obtained using different commercially available individual compounds with five known concentrations
(wt%) points such as n-butylbenzene, benzene, toluene, ethylbenzene, xylene, propylbenzene, 1,2,3-
trimethylbenzene, propylcyclohexane, cyclopentane, cyclohexane, methylcyclohexane, cyclohexanol,

propylcyclohexanol, 4-propylphenol, guaiacol, p-cresol, creosol, 2-ethylphenol, 4-propylguaiacol, 4-
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ethylguaiacol, 1,3-dimethylnaphthalene, propylanisole, butylanisole, methylnaphthalene, 1,5-dimethyltetralin, 2-
methyl-1,1°-biphenyl, phenol, biphenyl, and phenanthrene. All detected compounds by GC were accounted for
when calculating the total yields of bio-oils and were grouped into deoxygenated cycloalkanes, aromatics like

alkylbenzenes, alkylphenolics, and also polyaromatics like indanes and naphthalenes.

For the co-hydrotreatment in which Kraft lignin and pyrolysis oil or oxygenated monomers were used (Paper 1V),
the bio-oil yield was calculated based on the total initial loaded reactants (both Kraft lignin and pyrolysis
oil/monomers). The 2D GC analysis in Paper IV was done using the same method as in Paper I11. The fraction
of bio-oil yield derived from Kraft lignin and monomer after the hydrotreatment was not determined since the
oxygenate monomers could also have been derived from lignin and pyrolysis oil itself. In the co-hydrotreatment
of Kraft lignin (KL) and oxygenated model compounds, different monomers such as 4-propylguaiacol (PG), 4-
propylphenol, phenol, methylguaiacol, 4-ethylguaiacol, p-propylanisole, anisole, 4-propylcyclohexanol,
benzaldehyde, cyclohexanol, acetic acid, hydroxyacetone, and guaiacol were selected as the co-reactants. The feed

mass ratio (KL: PG, w/w) was also varied to study its influence on char and bio-oil yields.

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 x 100%

The analytical methods used for the analysis of the liquid products from the SHC process and also the fixed-bed

hydrotreating in Paper V are as followed:

e Elemental (C, H, N, and S content) analysis and Unterzaucher pyrolysis for O content determination

e 'H-NMR for the determination of mol% of hydrogen associated with alkanes, alkenes, aromatics,
alcohols/ethers, or carboxylic acids/aldehydes/phenols

e SP-NMR for the determination of the hydroxyl groups in mmol/g associated with aliphatic alcohols,
phenolics, and carboxylic acids

e 13C-NMR was used to qualitatively provide carbon information on the raw FPBO, the slurry-product, and
the FB-product.

e ASTM E3146-18a for carbonyl content determination

e ASTM D664 for total acid number determination

e SS12916:2019 for aromatic contents determination

e GC-Simdist (ASTM D2887) for boiling point distribution (fixed bed hydrotreated products) and TGA for
the slurry feed

e Two-dimensional GC x GC-MS FID, the same method as in previous studies
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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 N 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 N 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 CuKo monochromatic radiation (A=1.542 A) source in the 260 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 Il Scanning XPS Microprobe. The monochromatic Al-Ko X-ray
source with a binding energy of 1486.6 eV was operated in the analysis chamber. The core-level spectra of Mo 3d,
0O 1s, S 2p, and C 1s were recorded with a step size of 0.1 eV. The software Casa XPS with the C 1s binding energy

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

3.44  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/NAOQ.9 objective. The Raman scattering was collected using
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 MoS; in the second study were acquired using
a JEOL 7800F Prime scanning electron microscope. The particle diameter of over two hundred MoS; 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 MoS; slabs.

The following equations were used to calculate the average MoS; slab length (AL) and stacking number (An)*¢:
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Average MoS; slab length (AL) = 2Lt )
Average stacking number (An) = Z‘%NL ®)

where n is the total number of MoS; slabs. Xi is the number of MoS, slabs with Ni layers of length li. Niis the

stacking number, and li is the MoS; slab length.

The MoS:; dispersion (fmo) of the catalysts was calculated with the following equation reported in the literature®?®:

A ) Mogq 2m6(ni_1)
MoS; dispersion (fmo) = Mo:,,,g,: = RGEn?_ami1) ©

where Moedge is the number of Mo atoms located on the edges of the MoS; slabs, and Morotar is the total number of
Mo atoms. Niis the number of Mo atoms along the edge of the MoS; slabs with its length obtained by calculation
(L =3.2(2ni -1) A), and m is the total number of MoS; slabs obtained from the TEM images of different catalysts.

The edge-to-corner ratio of MoS; slabs was calculated based on the following equation®*’:

fedge =&£_15 (7)
fcorner 3.2

3.4.6  Temperature Programmed desorption (TPD) and reduction (TPR)

To measure the acidities of the supported impregnated catalysts in the third study, ammonia (NHs) and ethylamine
(C2HsNH2) TPD measurements (Paper I11) were performed in a setup consisting of a manifold of mass flow
controllers (MFC), a quartz tube with catalyst sample (~25 mg), a temperature-controlled oven (Setaram Sensys
differential scanning calorimeter) and a mass spectrometer (Hidden HPR-20 QUI) to analyze the products in the

outlet carrier gas. The total flow rate through the tube was maintained at 20 NmL/min.

For ethylamine TPD, the samples were first degassed (110 °C for 1 h and at 250 °C for 3 h) in a flow of Ar. Then
the samples were reduced at 600 °C by 13% H; for 2 h followed by cooling to 100 °C. At this temperature, the
sample was exposed to 543 ppm of ethylamine for 3 h to complete the adsorption. The sample was then flushed
with Ar for 2 h to remove the loosely bound ethylamine. Finally, the temperature was ramped to 600 °C at a rate
of 5 °C/min to desorb the ethylamine. Quantification of the Brgnsted acidity is based on the evolved signal of
ethylene, C2H4 (formed from the decomposition), and measured calibrations for C,H4 and ethylamine in the mass

spectrometer.

For NH3-TPD, the sample was degassed at 300 °C for 0.5 h followed by NH3 adsorption (1000 ppm) at 100 °C for
1.5 h. After that, the sample was flushed with Ar that continued for 1 h to remove the physically adsorbed NHs.
The sample was then heated to 700 °C with a ramp of 10 °C/min. The time evolution of the NH3; desorption peak
was used to quantify the total acidity of the catalyst using a standard calibration for NHs. A similar procedure was

used for ethylamine TPD measurements.

TPR was performed for supported and unsupported catalysts (Paper 111 and Paper 1V) using the same setup as
TPD. A small amount of sample (10-20 mg) was degassed at 300 °C for 0.5 h under Ar flow. The temperature of
the sample was then cooled to 25 °C. Afterward, 1 vol% of H in Ar flowed through the sample followed by a
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temperature increase to 800 °C at a rate of 10 °C/min. The H; peak in the MS was followed to compare the H;

uptake profiles of the tested catalyst.

3.5 Solid lignin and lignin-derived solid char characterization

The solid residues consisting of the spent catalyst and lignin-derived char resulting from the hydroprocessing were
analyzed using Fourier transform infrared spectroscopy (FTIR, Bruker Vertes70v spectrometer). The spectra were
recorded in the range of 400-4000 cm in a transmittance mode with a resolution of 4 cm™ and 63 scans per
sample. Some selected solid residues were examined using solid-state cross-polarization (CP) ¥C NMR
measurements using a 4 mm CP MAS probe on the Bruker AVIII 500MHz spectrometer with the following
conditions: *C CP-MAS at 10 kHz, with Tset =298K, a 1H excitation 90°-pulse of P3=3.0 s, a contact time of
P15=1.5 ms, with CP at 13C 60.0 kHz (PLW1=109 W) and 1H optimized ramp 45-90 kHz (SPW0=110 W)
followed by SPINALG64 decoupling at 83 kHz (PCPD2=6.0 us, PLW12=96 W) during acquisition and a relaxation
delay of d1=2.0 s with 4000 scans.
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4  Results and discussion

This chapter presents the results and a discussion based on all the independent although related studies presented
in Papers I, 11, 111, 1V, and V in this thesis. In the first study (Paper 1), the effect of Ni, Fe, Zn, and Cu on a
conventional MoS; supported on y-alumina catalyst was studied in a model reaction, the HDO of PG at 300 °C, 50
bar H, 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. A reaction network for the HDO of PG over the sulfided catalysts and kinetic modeling were 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 11), the activity and selectivity of the as-
synthesized and annealed unsupported MoS; 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
MoS; catalyst, was investigated. The activity of an annealed unsupported MoS; catalyst in the hydrotreatment of
Kraft lignin was demonstrated. A comparison was made between a bulk MoS; catalyst in the HDO of PG and the
hydrotreatment of Kraft lignin. In the third study (Paper I11), NiMo sulfides on ultra-stable Y zeolites with a
silica/alumina mole ratio of 30 and also unsupported NiMoS catalysts were tested in a one-pot Kraft lignin
hydrotreatment. Moreover, desilicated and dealuminated zeolites were also tested in the hydrotreatment. Efforts
were put into understanding the role of the catalyst support and the NiMoS active phase in lignin depolymerization
and stabilization of lignin fragments. In the fourth study (Paper V), experiments related to the pyrolysis-oil
assisted lignin hydrotreatment using the unsupported NiMoS were performed to mimic the co-hydrotreatment of
Kraft lignin with oxygenates. The work further investigated various potential bio-derived monomers as co-reactant
during the depolymerization of Kraft lignin. The mass ratio between Kraft lignin and oxygenates was determined
and optimized using PG as the co-reactant. The effect of several reaction parameters such as temperature, time,
and catalyst loading on the hydrotreatment was studied in terms of the yield of bio-crudes and also the char
residues. In the fifth paper (Paper V), the synthesized unsupported NiMoS was used in the slurry hydrocracking
process of biomass-derived pyrolysis oil. The stabilized slurry feed was then hydrotreated in a fixed bed unit under
continuous mode over a commercial-supported NiMo sulfide catalyst. The hydrotreated products also underwent
fractional distillation resulting in fractions corresponding to boiling point ranges. The stabilized slurry feed from
SHC, the hydrotreated products from the fixed bed hydrotreaters, and the distillate fractions were thoroughly
analyzed to obtain a deeper understanding of their chemical properties. In the sixth paper (Paper VI), a
comprehensive review and summary were written collaboratively with colleagues focusing on the use of metal
sulfides as catalysts in the valorization of renewable feedstocks such as bio-oils model compounds (monomers and
dimers), lignin feeds, and pyrolysis oil. The work will not be further discussed in this thesis (refer to the manuscript
and the background chapter above). Various aspects such as catalytic roles (both in supported and unsupported
form), reaction network and mechanism, reaction kinetics, and also catalyst deactivation were discussed. In

addition, the challenges and future needs of research in the field were addressed.
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4.1 Role of transition metals on MoSz-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 y-alumina-supported MoS; was studied using the HDO of PG in a batch reactor.
Figure 16 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.
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Figure 16. PG conversion (%) versus time (h). Reaction conditions: 300 °C, 50 bar H,, 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
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 17.
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Figure 17. 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 18. 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
of 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, has been found in the HDO
of isoeugenol using non-sulfided catalysts''119, 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 studies3®%2, 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 18). 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.

The yield of deoxygenated cycloalkanes was studied for each catalyst (see Figure 18). 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 18 a). 4.5% of 1-methyl-2-propylcyclopentane was formed after 5 h, which
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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 in the
TEM analysis in Section 4.1.2. However, a better MoS; 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 importance?°.

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
number!?!, Aromatic compounds can serve as an important feedstock for bulk chemical production??, Figure 18
a) 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 18 b) shows that the yield of phenolics
reached a maximum of 34% after 2 h for NiMo catalysts. The Mo catalyst had a maximum vyield of 44% of
phenolics, as shown in Figure 18 a). 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 18 d)), 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
18 c)), but the final yield was 47%. The sulfided FeMo catalyst (Figure 18 €)) 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 18. Reaction product evolution for HDO of PG over (a) Mo, (b) NiMo, (d) ZnMo, and | FeMo catalysts.
Reaction conditions: 300 °C, 50 bar Hz, 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 N,
physisorption, as shown in Table 6. The specific surface area and pore volume of the catalysts were reduced after

the metal impregnation, indicating pore blockage.

Table 6. Elemental composition (wt%) and N physisorption results for the as-synthesized catalysts.

Catalyst Elemental N2 physisorption
composition, (wt%o)

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

“S, = BET surface area (m?/g), V, = Pore volume (cm®g), dp, = Average pore size (A)

The XRD patterns in Figure 19 represent the freshly sulfided catalysts and y-alumina. All diffraction peaks
corresponding to y-alumina were visible in all catalysts!?. In contrast, there were no diffraction peaks related to
MoS;, indicating a well-dispersed MoS; phase on the support and lower crystallinity for the supported catalysts.
Metal sulfided phases, such as NiS, FeS, FeS,, and CusS, 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 26 = 28.6°, 47.6°, and 56.5°, corresponding to (111), (220), and (311) planes, showing the

presence of the ZnS phases'?*.
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Figure 19. 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 1. Table 7 shows
the Mo degree of sulfidation for all sulfided catalysts. This was calculated based on the contribution of Mo** over
the total Mo species (Mo*", Mo®*, and Mo®*) determined from the Mo 3d core-level spectrum. The presence of

Mo and Mo®* was attributed to the surface re-oxidized MoS; during the analysis and the incomplete sulfidation
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of the catalysts. Ni species, such as Ni?*, NiMoS, and NiSy, were visible in the Ni 2p spectrum of the sulfided
NiMo catalyst!?. Cu* species and pure Cu metal were visible in the Cu 2p spectrum of the sulfided CuMo
catalyst'?®. The Fe 2p spectrum also had binding energies of Fe?* and Fe**, indicating the presence of both species™.
Characteristic peaks corresponding to Zn?* species were visible, corroborating the results from XRD and showing
the presence of ZnS.

Table 7. Mo 3d XPS results for supported sulfided catalysts

Binding energy (eV)

Catalyst Mosuifidation (%) Mo** Mo®>* Mo®*
3dsp2 3dap 3dsp2 3dap 3dsp2 3dap
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 20. Typical linear and
curvy MoS; black fringes scattered around were visible in all TEM images, as shown in Figure 20 (a-e). The
interplanar distance of 0.64 nm corresponding to the characteristic basal plane of MoS; can be seen in the TEM
images. Table 8 presents the statistical results for the average slab length and average stacking layer for MoS.,
MoS; dispersion, and the edge-to-corner ratio for a MoS; slab. The distributions for the number of MoS; stack
layers and slab lengths are shown in Figure 21. The number of stacks in all the catalysts was in the range of 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 MoS,, as shown in
Table 8. This could result from the metal species hindering the growth of MoS; 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 MoS;,. The better dispersion of MoS; was also confirmed by the absence of MoS; peaks in the
XRD analysis. Improvement in MoS; 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 20 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 the 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 8. TEM analysis of sulfided catalysts.

Sulfided Average slab length Average stacking MoS; Dispersion Mo edge-to-corner

Catalysts (AL), nm degree (An) (fmo) ratio (feage/fcomer)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 20. 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.
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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 group'?”12¢, 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 reaction?. Different reaction products detected during the 5 h
reaction were grouped into phenolics, partial HDO products, deoxygenated cycloalkanes, and aromatics, as shown

in Figure 17.

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
catalysts®*?, Pt- and Ir-modified bifunctional catalysts®3!, carbon-supported metal catalysts'®, and sulfated Ni
promoted zirconia on SBA-15°, 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 and a set of

ordinary differential equations (ODE) for the batch reactor material balance was considered.

These ODEs were then solved numerically with the MATLAB odel5s 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 = Z(Cexp,t - Cmodel,t)2 (8)
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where C,,, . is the concentration of different reaction products obtained from experimental values, and Cp,oger¢ i

the estimated concentration from the kinetic model.

The coefficient of determination (R?) was defined as follows:

RZ - (1 _ Z(Cexp.t_cmodel,t)2> X 100 (9)
Z(Cexp,t_cmean)z

where C,,eqn i 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.
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Scheme 3. A proposed reaction network for HDO of PG over different sulfided catalysts.

Figure 22 shows the Kinetic fitting results obtained using the simplified Kkinetic 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 hydroxy! 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 22.
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Figure 22. 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:

Ty = kycq (10)
s = KksCr (1)
Te = kecq 12)
1, = k¢4 (13)
rg = kgc, (14)
T = kocp (15)
o = kioCe (16)
711 = ky1€q 17)

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:

dac
d—ta=—‘r'1—7”4_—7”6 (18)
dstb: T1+T'5+T7—T2 (19)
dc,
d—t”=r2—r8—r3—r9 (20)
dﬁ = 1'3 + 7”10 - "1 (21)

dt
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where C, is the concentration of the initial feed (4-propylguaiacol) expressed in mol/L, Cy is the concentration of

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

The improved model took all side reactions into account. The kinetic fitting results for all sulfided catalysts are
shown in Figure 23. 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 ki represents the rate for the demethoxylation step of PG, and the Mo catalyst had the highest value
(k1 = 1.86 x 102 min') 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 ks (8.50 x 102 min) and kg (9.92
x 102 min't) 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, ko, than the Mo catalyst, suggesting that they inhibited
the dehydroxylation of 4-propylphenol. The ZnMo catalyst had a higher rate constant k, (1.05 x 102 min‘?) than
the Mo catalyst, but a lower k3 (1.65 x 102 mint) and ke (6.73 x 10”2 min) rate constant relative to the Mo catalyst,
hence corroborating its highest aromatics production. The lowest rate constant, ks, 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 23. Kinetic fitting results for HDO of PG over sulfided a) Mo, b) NiMo, ¢) 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 | = side products.
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4.2  Annealing treatment of unsupported MoS: for hydrodeoxygenation of propylguaiacol and

hydrotreatment of Kraft lignin

4.2.1  Hydrothermal synthesis of unsupported MoS:zfor HDO of PG

An unsupported MoS; 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 MoS; and bulk MoS; 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 24 shows the comparison between the annealed MoS; and as-synthesized MoS; 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 MoS; catalyst. The selectivity for deoxygenated
cycloalkanes, such as propylcyclohexane and propylcyclohexene, was 27.5% and 43.4% for MoS-12 and MoS;-
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 (20 compound), was found for
MoS,-12 after 4 h. Increasing the synthesis time to 24 h, decreased the selectivity of the propylcatechol (20
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 24.
It can be seen in Figure 24 that both annealed catalysts (M0S2-12a and Mo0S;-24a) had the same PG conversion
after 4 h. The MoS,-12a and MoS,-24a had a 64% and 55% selectivity for deoxygenated cycloalkane, respectively,
after 4 h. It can be seen in Figure 24 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 20 compounds were not detected in the reaction medium using either annealed sample (MoS;-12a
and MoS;-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 the 12 h synthesis time was enough

to nucleate sufficient MoS; crystallites, and the annealing treatment facilitated the growth of MoS; crystals.
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Figure 24. Comparison between selectivity for reaction product and PG conversion after 4 h for HDO of PG over
MoS2-12, M0S;-12a, M0S;-24, and MoS;-24a at 50 bar total H, pressure, 300 °C, and 1000 rpm.

The effect of not adding acid during the synthesis of unsupported MoS; 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 25. A final PG conversion of 86.6% was obtained after 5 h for the as-synthesized MoS; 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 (20-compounds)
which gave a final selectivity of 19.5% (Figure 25 a)). 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
MoS; (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 25 b)). In contrast, a slight increase in the selectivity
for deoxygenated cycloalkanes selectivity was found, which gave a final selectivity of 46.6% (Figure 25 b)). 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 (20-compounds) after 5 h. The clear difference in the
product distribution of the HDO of PG between the unsupported MoS; catalysts prepared with and without the
addition of acid shows that an acidic environment while synthesizing unsupported MoS; is crucial to produce
MoS; with a smaller particle size (evident in SEM images, Figure 28). The resulting MoS; particle size had a
direct effect on the HDO selectivity. This result is in line with the conclusion by Zhang et al.*33, which shows that
higher HDS and hydrogenation activities can be achieved using MoS; prepared with low pH values. The smaller
MoS; 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 MoS; catalysts prepared with pH adjustment were used. The MoS, prepared without any pH
adjustment had the opposite effect, especially on the PG conversion, and did not facilitate the growth of MoS;

crystals.
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Figure 25. Reaction product distribution for HDO of PG over a) MoS; prepared without acid adjustment and b)
annealed MoS; without acid adjustment at 50 bar total H pressure, 300 °C and 1000 rpm.

4.2.2  Catalyst characterization

The specific surface area, pore volume, and pore size of the unsupported MoS; and bulk MoS; catalysts are listed
in Table 9. The specific surface area of the catalysts was ranked in decreasing order: MoS;-24a > MoS;-12a >
MoS;-24 > Mo0S;-12 > bulk MoS,. 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 m?/g for MoS,-12 and
MoS,-24. In contrast, both annealed samples (M0S;-12a and MoS,-24a) gave a higher specific surface area than
the as-synthesized catalysts. The N, adsorption-desorption isotherms for all the catalysts are provided in
Supporting Information in Paper I1. The isotherms for the annealed MoS; catalysts were characterized as type IV
isotherms according to the IUPAC classification!3*. A prominent H3-type hysteresis loop was also found for both
annealed MoS; samples. This loop featured slit-shaped pores created by the build-up of MoS; layers. The as-
synthesized and bulk MoS; type-1l 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 28). 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 MoS; crystals (see the XRD analysis, Figure 26 a)). They were re-coordinated and agglomerated to generate
cavities. It is also worth noting that MoS-12a had the highest pore volume and the lowest pore size of all the
unsupported catalysts.

Table 9. Physical properties (surface area, pore-volume, and pore size) of synthesized unsupported catalysts.

Catalysts Surface area (m?/g) Pore volume (cm?/g) Pore size (A)

MoS,-12 154 0.34 108
MoS,-12a 27.8 0.60 83.8
MoS,-24 16.2 0.13 317
MoS>-24a 37.1 0.11 105
Bulk MoS; 4.70 0.03 177
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Figure 26 a) shows the XRD diffractograms for the MoS; unsupported catalysts. The XRD patterns show that the
as-synthesized samples had low crystallinity with a peak at 26 = 14°, representing the typical (002) plane of
hexagonal MoS,. The results also confirm that prolonging the synthesis time from 12 h to 24 h did not improve
the crystallinity of the samples resulting in the same XRD pattern (Figure 26). Prominent peaks were visible at 20
=14°, 33°, 39°, and 59° for both annealed MoS; catalysts attributed to the (002), (100), (103), and (110) planes of
Mo0S,*%. The improved crystallinity of the as-synthesized MoS; after a simple annealing treatment suggests that
the annealing process at 400 °C for 2 h can promote the growth of MoS; crystals. In comparison, the bulk MoS;

was highly crystalline, as shown in Figure 26 a).

Raman spectroscopy was performed to understand the chemical state of the as-synthesized and annealed catalysts.
The Raman spectra of M0S;-24 and MoS;-24a were obtained at the 532 nm CW laser excitation mark with an
average power of 0.3 mW, as shown in Figure 26 b). For MoS,-24a catalysts, four main Raman peaks located at

379 cm? (E3,), 404 cm™ (A1g), 283 cm™ (E1g) and 454 cm™ (Eag) indicate that the usual 2H-MoS; phase was

present!36, Two low-intensity Raman peaks at 219 cm™* and 335 cm™ were identified in the spectra for MoS,-24a,
proving the existence of the 1T phase of MoS,**. 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 MoS,. In contrast, for
MoS,-24 catalysts, three peaks were identified, as shown in Figure 26 b) 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 MoS; catalysts before and after the annealing treatment
were determined with XPS (Figure 27). The Mo 3d spectra in Figure 27 a) and Figure 27 c) were deconvoluted
into three Mo 3ds;2 — Mo 3ds, doublets for the as-synthesized samples. The presence of the Mo** oxidation state
indicated by two characteristic peaks at 229.3 eV and 232.5 eV binding energies, proved the existence of the MoS;
species'®”. Characteristic peaks at the binding energies 230.0 eV and 233.0 eV were found for the Mo®* oxidation
state, which demonstrated the presence of intermediate oxysulfide species (MoO,Sy) in the as-synthesized
catalysts'®®. An additional doublet at 233.4 eV and 235.8 eV associated with the Mo®* oxidation state which is
associated with the MoOj3 species was also found*3. Table 10 shows the Mo 3d composition of the Mo states
obtained from the XPS data. The sulfidation degree based on the Mo** content increased for both annealed MoS;
more than for the as-synthesized unsupported catalysts. MoS,-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 MoS,, where (NH4)sM07024 reacts with
H>S and forms MoOySy, ammonia, and water. However, no oxysulfide species were found in either annealed
catalyst. This finding suggests that the MoO4Sy phase may have been completely converted into MoSs, and the

annealing pretreatment facilitated the thermal decomposition of MoSz to MoS,.
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Figure 26. a) XRD patterns for MoS;-12, M0S;-12a, M0S;-24, M0S,-24a and bulk MoS; and b) Raman spectra
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Table 10. Mo 3d composition for MoS,-12, Mo0S;-12a, MoS;-24, and MoS;-24a.
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Figure 27. XPS spectra of Mo 3d for a) M0S»-12, b) M0S,-123, ¢) Mo0S,-24, and d) MoS;-24a.

Catalyst Mo** Mo®* Mo®*
MoS,-12 62.9 22.2 14.9
MoS>-12a 88.6 - 114
MoS,-24 82.9 11.3 5.8
MoS;-24a 93.1 - 6.9
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The structure and morphologies of the unsupported catalysts synthesized in this work were examined with SEM.
The laminar growth of the MoS, during hydrothermal synthesis resulted in the formation of spherical particle
agglomerates, shown in the SEM images in Figure 28. 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 28. As
can be seen in Figure 28 ¢) and f), the M0S-24 catalyst consisted of a mixture of larger and smaller particles with
an average particle diameter of 305 nm. Similar morphology was found for MoS,-12 (Figure 28 a) and b)). The
MoS;-24a catalyst had more dispersed and uniformly distributed MoS; particles than the as-synthesized catalyst
with a smaller average particle diameter of 190 nm as shown in the SEM images in Figure 28 g) and h). In general,
the annealed catalysts had a more defined morphology. The SEM analysis also showed that the annealing treatment

reduced the MoS; particle diameter and size distribution of particles.

To understand the effect of pH adjustment during synthesis on the morphology of the MoS; catalyst, a batch of
unsupported MoS; 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 29. The
particles in Figure 29 show an apparent flower-like morphology with a larger average particle diameter of 2 pm.
It is worth noting that this is almost the average particle size for the bulk MoS; sample (6 um, max 40 um). The
characterization results presented here are also in line with the findings by Zhang et al.**3, The pH adjustment step
in the catalyst synthesis was important to facilitate the growth of MoS; micelles, which eventually formed smaller
crystallites in the MoS; catalysts (Figure 28 and Figure 29). A material with a larger particle size was formed for

the MoS; catalyst prepared without acid addition (Figure 29).

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 30. The usual
thread-like fringes with an interplanar distance of 0.64 nm, corresponding to the (0 0 2) basal planes of the MoS,
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 30. 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 MoS; 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 28. SEM images of (a and b) MoS,-12, (c and d) M0S»>-12a, (e and f) M0S,-24, and (g and h) MoS;-24a.
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Figure 29. SEM image of MoS; prepared without pH adjustment.
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Figure 30. HRTEM images of a) M0S,-12, b) MoS,-12a, ¢) MoS;-24, and d) MoS;-24a.
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4.3 Elucidating the role of ultra-stable Y (USY) supported and unsupported NiMoS catalysts
during the hydrotreatment of Kraft lignin

It has been shown in the previous study that one of the major hurdles in Kraft lignin hydrotreatment was the
production of undesired char residues during depolymerization. The resulting side product from the hydrotreatment
hampers the implementation of kraft lignin as a solid feedstock in many current refining facilities. Moreover, in
previous studies conducted in our group, it has been demonstrated that NiMo sulfides on Y zeolites enhanced the
cleavage of C-O-C and the more recalcitrant C-C linkages in lignin dimer compounds!#%141, The enhancement was
attributed to the synergistic effect of the active sulfide phases and also the acidic nature of the catalysts4?4,
Therefore, the focus of this study aimed to elucidate the role of sulfided NiMo-impregnated USY zeolites for the
reductive liquefaction and deoxygenation of Kraft lignin and also the stabilization of lignin fragments in
suppressing repolymerization reactions, in turn, reducing the char formation. The physical mixing of unsupported
NiMoS and Y zeolites as a catalyst system was also tested in Kraft lignin hydrotreatment to clarify their roles in
the depolymerization and repolymerization reactions influencing product selectivity and production of char
residues. The effect of the desilication and dealumination treatment on the USY zeolites, which changes their pore
sizes and acid site density was also investigated. The catalysts used in this study are abbreviated as NiMo(D) Y XX,
where Ni stands for nickel, Mo stands for molybdenum, Y stands for USY, and XX stands for the silica-alumina

ratio. Table 11 gives the descriptions of catalysts used in Paper I11.

Table 11. Description of catalysts in Paper I11.

Catalysts Description
Y30 -Commercial ultra-stable zeolites, USY (Zeolyst international)
Molar S|02/A|203 =30
Y80 -Commercial ultra-stable zeolites, USY (Zeolyst international)
Molar SIOz/AIan =80
Y150 -Dealuminated using 3 M oxalic acid at 70 °C, stirring rate 500 rpm
for 16 14
Y200 -Dealuminated using 3 M oxalic acid at 70 °C, stirring rate 500 rpm
for 95 h142
DY80 -Y80 was desilicated using 0.2 M (NaOH + tetrapropylammonium
bromide, TPABr (PDA)) at 25 °C for 0.5 h.
-The desilicated sample was further exchanged with 0.5 M NH4NOs
at 60 °C for 1 h.
NiMoY30/Y80/Y150/Y200/DY80 -Ni and Mo were loaded on the designated USY support via a wet
impregnation method
UNiMos -Unsupported catalysts synthesized by a hydrothermal method®%7

4.3.1 Kraft lignin hydrotreatment using sulfided NiMo-impregnated USY zeolites

The kraft lignin-derived yields of liquid products (wt%) and char residues (wt%) during hydrotreatment over
sulfided NiMo impregnated Y zeolites and also blank run (non-catalytic) at 400 °C, 35 bar H; (at 25 °C), and 1000
rpm for 5 h is presented in Figure 31. In the non-catalytic run, Kraft lignin undergoes reductive thermal
depolymerization and results in a high char residue yield (47%) and a low bio-oil yield (~18%) after 5 h. This
higher char residue yield for the blank run could be explained by the extensive reactions between the reactive
depolymerized lignin fragments which further lead to the generation of repolymerization products. The thermal
disintegration of lignin and repolymerization starts as early as during the heating phase of the hydrotreatment in a
batch reactor, hence, the presence of an active catalyst is crucial to stabilize these fragments. As shown in Figure
31, the presence of only USY zeolites (Y30 or Y80) reduces the yield of char residues to 37.1% and 44.4% for

Y30 and Y80, respectively. The bio-oil yield for hydrotreatment when using Y30 was 21%, which possesses a
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slight increase in bio-oil yield in comparison to the blank run. For all the runs using sulfided NiMo-impregnated
USY zeolites (either desilicated or dealuminated), the solid char yield reduces to within 20% to 24%, indicating
the catalytic suppression of repolymerization reactions. It can be observed that the bio-oils yields dropped for the
dealuminated catalysts from 30.5% to 20.1%, for NiMoY30 and NiMoY200, respectively. Furthermore, an
opposite trend for the yield of char residues (increased from 23.8% to 26.7%) can be observed. Among all the
studied catalysts, NiMoY 30 gives a notable liquid yield (30.5%) and also yields the lowest char residues (23.8%).
These results prompted further investigation of the role of the NiMoS and Y30 as catalyst components in the
depolymerization and deoxygenation of Kraft lignin. The impregnated form of the catalysts and also in their
separate forms (physical mixture of unsupported NiMoS and Y30) were investigated in the hydrotreatment to gain

further insight.
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Figure 31. The kraft lignin-derived liquid product yields (wt%) and char residues (wt%) during Kraft lignin
hydrotreatment over sulfided NiMo impregnated Y zeolites and also blank run (non-catalytic) at 400 °C, 35 bar

H; (at 25 °C), and 1000 rpm for 5 h.

4.3.2  The role of NiMoS and Y30 in Kraft lignin hydrotreatment

Figure 32 illustrates a 2D GC x GC-MS chromatogram of the product distribution from Kraft lignin
hydrotreatment over NiMoY30 after 5 h. As can be observed from Figure 32, several product groups can be
identified such as cycloalkanes, alkylbenzenes, phenolics, indanes, naphthalenes, biphenyl-derived compounds,
and other oxygenates (ketones, aldehydes, and alcohols). The comparison between different catalyst systems in
terms of liquid product selectivity is demonstrated in Figure 33. The selectivity was calculated based on all the
identified and detectable products from the 2D GC x GC-MS chromatogram. In the thermal depolymerization of
lignin (absence of catalyst), the depolymerized lignin fragments further undergo depolymerization resulting in the
formation of phenolics and cycloalkanes monomers with the selectivity reaching 60% and 10%, respectively. Apart
from the depolymerization, the disintegration of the lignin framework also results in the formation of free radicals
that undergo coupling and recombination reactions, leading to the formation of char residues during the
hydrotreatment. With the presence of Y30 as a catalyst, the selectivity of cycloalkanes and alkylbenzenes increases
and the selectivity of phenolics decreases indicating the deoxygenation activity commences, however, to a lesser
extent when compared to other catalyst systems. When using NiMo-impregnated Y30 catalyst, the deoxygenated

fraction (cycloalkanes and alkylbenzenes) selectivity doubled showing ~61% (comprised of ~24% cycloalkanes
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and ~37% alkylbenzenes). The greater amount of alkylbenzenes indicates the direct deoxygenation routes for the
depolymerized oxygenate fragments during the hydrotreatment.

It should be noted that the amount of UNiMoS used for the hydrotreatment has a similar nominal loading of Ni
and Mo to that when using the NiMoY 30 catalyst. In the experiment using only UNiMoS catalysts, a deoxygenated
product selectivity of 42% and a 25% phenolics selectivity was obtained. On the other hand, when a physical
mixture of UNiMoS and Y30 catalyst was used, the deoxygenated product selectivity was lower (~30%) and a
slightly higher phenolics selectivity (~27%) was achieved. One of the notable observations from both experiments
was that the use of both the unsupported NiMoS active phase components and also the Y30 support are crucial in
stabilizing the lignin fragments and hindering the formation of char residues. Especially in the case of using the
physical mixture of both catalyst components, a lower char yield of 16.7% was achieved indicating the greater
accessibility of active sites to the depolymerized lignin fragments that resulted in efficient depolymerization. It
also shows that the acidic sites of the Y30 and metallic NiMoS sites presented a synergistic effect in stabilizing
the lignin fragments and limiting the reaction routes toward char formation. This was further clarified when using
the NiMo-impregnated Y30 in which the metallic and acidic sites are less accessible resulting in a higher char
yield (23.8%). However, the higher bio-oil yield with NiMoY30 compared to other catalyst systems can be
attributed to the close surface proximity of NiMoS and acidic sites resulting from the impregnation. In terms of
hydrocracking activity, both experiments (UNiMoS alone and physical mixing of UNiMoS and Y30) show a
higher polyaromatics selectivity (21-24%) as compared to the use of NiMoY30 catalysts (9%) indicating lower
hydrocracking activity. This implies that the close contact between the deoxygenation sites and acidic sites as in
the impregnated catalysts, prevents the formation of polyaromatics to a greater extent. In the event of extending
the reaction time to 8 h and also increasing the loading of NiMoY30 catalyst, a noticeable improvement in the
selectivity for deoxygenated monocyclic and alkylbenzene (79%) products was obtained with an improved bio-oil
yield of 38.9%. The solid char residues of 16.4% were obtained after 5 h. A low selectivity of polyaromatics (4.9%)

was achieved in this case further signifying the importance of the proximity of the metallic and acidic sites.

Figure 32. 2D GC x GC-MS chromatogram of the liquid phase products distribution from the Kraft lignin
hydrotreatment over NiMoY 30 after 5 h.
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Figure 33. The liquid product selectivity (wt%) for Kraft lignin hydrotreatment over sulfided NiMo impregnated
Y zeolites, unsupported NiMoS, and also blank run (non-catalytic) at 400 °C, 35 bar H, (@25 °C), and 1000 rpm
for5h.

4.3.3  Catalyst characterizations

The elemental composition and textural properties of the synthesized catalysts used in Paper I11 are presented in
Table 12. It can be observed that both the total specific and external surface area of the impregnated catalysts is
lower compared to the bare catalyst support, indicating the blockage of pores by NiMo. A similar observation was
seen for the pore size in Table 12. It can be observed that oxalic acid treatment used for dealumination efficiently
removes the aluminum framework, resulting in a higher silica to alumina ratio for Y150 and Y200 samples. The
increment in the pore sizes especially in the case of NiMoY 30 and NiMoDY 80 (via dealumination and desilication)
could allow better access for the large depolymerized lignin fragments to reach the NiMo active sites for further
conversion. This can be reflected in the decrease in the selectivity of the polyaromatic compounds and the increase
in the selectivity for monomers (e.g. cycloalkanes, alkylbenzenes, and phenolics) for the impregnated catalysts.
NiMoY30 showed an external surface area of 126 m?/g and an average mesopore size of 4.4 nm. The UNiMoS
catalyst had a specific surface area of 49 m?/g with a larger average pore size of 11.5 nm. The ICP-MS analysis
shows that the Mo and Ni loading remains in the range of 12-13 wt% and 3.7-4.5 wt%, respectively, giving the
range of Ni/(Ni + Mo) atomic ratio 0.33-0.37 for the supported catalysts. For unsupported NiMoS, the ratio was
kept at 0.31.
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Table 12. Composition and textural properties of the synthesized sulfided catalysts used in Paper Ill.

Catalyst Elemental composition (wt%) N, physisorption
Si0,/AlLOS Mo Ni Atomic ratio Satotal Saexternal Vp ot dy (B)
Ni/(Ni+Mo) (m?/g) (m?/g) (Vpmeso)
(cm*/g)
Y30 25 - - - 801 234 0.54 (0.26) 40.9
NiMoY30 - 12.7 4.5 0.37 514 126 0.33 (0.14) 44.3
Y80 88 - - - 808 243 0.56 (0.29) 39.3
NiMoY80 - 13 4.4 0.36 500 165 0.33(0.17) 37.8
Y150 146 - - - 792 279 0.57 (0.32) 41.3
NiMoY150 - 12.8 4.4 0.36 398 175 0.33 (0.20) 41.6
Y200 212 - - - 737 268 0.57 (0.34) 43.8
NiMoY200 - 12.6 4.4 0.36 423 148 0.32 (0.19) 43.8
DY80 69 - - - 662 353 0.68 (0.53) 49.3
NiMoDY80 - 124 3.7 0.33 344 213 0.40 (0.34) 50.3
UNiMoS - 29.8 8.4 0.31 49 49 0.22 115.2

* S,;=BET surface area. Vp = Pore volume. Dp = Average pore sizes for mesopores. = measured by ICP-SFMS.

The total acidity and Brensted acidity of the synthesized catalysts measured by NH3 and ethylamine temperature-
programmed desorption are presented in Table 13. It can be observed that the total acidity of the parent Y zeolites
is lower and it is attributed to their far lower Lewis acidity (Table 13). Impregnation of the NiMo on the support
increases the total acidity, seemingly due to the formation of new Lewis acid sites. It was mentioned in a review
paper by Guan et al. that the two main factors playing an important role in preventing the formation of coke and
char during the depolymerization of lignin and further upgrading is acid sites and pore structure'*®. As reflected
by the catalytic data (Figure 31 and Figure 33), these acidic sites strongly contribute to the different extents of
hydrogenolysis, isomerization, transalkylation, hydrocracking, and dehydration reactions in the one-pot lignin

conversion.

The correlation of the acidity of the catalysts to the liquid product yield (wt%) and the char yield (wt%) was
investigated (Figure 34 a) and b)). It could be observed that the liquid product yield correlated well with the total
and Brgnsted acidities, with the increasing acidic site density enhancing the lignin depolymerization and resulting
in improved monomer yield. On the other hand, a poorer correlation between the char yield and variation of acid
site density was observed. In addition, it appears that the lower polyaromatic yield for NiMoY 150 and NiMoY 200
compared to NiMoY80 suggests that larger pores permitted more hydrocracking activity of the larger compounds.
Figure 34 c) shows a good correlation between the pore volume of catalysts and the yield of liquid, with the
desilicated sample (NiMoDY80) deviating the most. Overall, NiMoY30 appeared to offer an optimized and
balanced Brgnsted and Lewis acid site density to achieve a higher yield for depolymerized fractions along with

high selectivity for deoxygenated products.

Table 13. The total acidity and Bragnsted acidity of the synthesized catalysts were measured by NHs and ethylamine
temperature-programmed desorption.

Catalyst Total acidity (NH;-TPD) Bransted acidity (CoHsNH,- Lewis acidity*
(umol g*) TPD) (umol g*)
(umol g*)

Y30 478 386 92
NiMoY30 608 300 308
Y80 248 221 27
NiMoY80 424 217 207
NiMoY150 397 123 274
NiMoY200 348 102 248
NiMoDY80 515 222 293
UNiMoS 158 - -

*Estimated from the difference between the total and Bregnsted acidity.
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Figure 34. Correlation of the acidity of the catalysts to the a) liquid product yield (wt%) b) char yield (wt%), and
c) the correlation of the catalyst’s textural properties to the yield of liquid product after the hydrotreatment over
sulfided impregnated catalysts. Dashed lines represent linear correlation along with the coefficient of
determination (R? value).

The XRD patterns (refer to the published article) of the studied catalysts in Paper 111 indicate the absence of the
diffraction peaks representing Ni and Mo for the impregnated catalysts. This indicates that the NiMo phases are
well dispersed, and/or possess low crystallinity. For the unsupported NiMoS, prominent peaks can be observed at
2-theta values corresponding to the (0 0 2), (1 0 5), and (1 0 3) characteristics planes of 2H-MoS,'*. Moreover,
the characteristics peaks correspondtothe (11 1), (200),(211),(220),(311), and (23 0) planes also indicating
the presence of NiS,™.

The hydrogen uptake characteristics of unsupported NiMoS, the sulfided and as-synthesized form of NiMoY30
are presented in Figure 35. For instance, the unsupported NiMoS catalyst starts consuming H. at a higher
temperature (415 °C) while the sulfided NiMoY30 at a lower temperature (330 °C). At the same time, the release
of hydrogen sulfide occurred indicating the creation of sulfur vacancies which are responsible for the
deoxygenation and hydrogenolysis reactions!4. The differences between the two sulfided catalysts for the H;
uptake temperatures could be attributed to their differences in structural composition and morphology arising from
the different synthesis methods. It should be noted that lignin starts disintegrating at ~200 °C#4. This also suggests
that the repolymerization and recombination reaction of depolymerized lignin fragments occurred and/or

dominated at lower temperatures leading to the formation of char residues. While in the presence of the H.-
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activated supported and unsupported NiMoS, the depolymerized lignin fragments undergo stabilization which
ensures further depolymerization. To justify this, an additional hydrotreatment experiment with Kraft lignin was
performed by heating the reactor filled with sulfided NiMoY30 to 400 °C and then rapidly cooled down to room
temperature. The result was a liquid product yield of 13.4% and a massive amount of char residues (35%)
indicating the dominance of the repolymerization of large lignin fragments at low temperatures when the catalyst
is less active. On the other hand, when lowering the lignin to catalyst (NiMoY 30) mass ratio, a significant increase
in bio-oil yield with 79% selectivity for deoxygenated products was obtained indicating the importance of the

amount of catalytic active sites.
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Figure 35. Hydrogen temperature program reduction (TPR) analysis for UNiMoS, as-synthesized and sulfided
NiMoY30.

Table 14 presents the XPS results on the sulfided-impregnated NiMoY 30 and UNiMoS (unsupported) catalysts.
Sulfide phases such as MoS; (228.6 + 0.1 eV), NiSx (852.8 + 0.1), and NiMoS (854.2 £ 0.2) were identified for
the impregnated NiMoY 30 and unsupported NiMoS catalysts. A higher percentage of Mo-oxysulfide phase (Mo®*)
for UNiMoS was evident compared to the supported catalyst. While a higher fraction of NiSx was observed for
NiMoY30. Interestingly, the surface Ni/(Ni+Mo) ratio was found to be low for UNiMoS as compared to NiMoY 30
showing that Ni was more concentrated in the bulk of the unsupported catalyst. HRTEM images of the NiMoY 30
and UNiMosS catalysts are shown in Figure 36. As can be seen from the SEM images resulting from the STEM-
High angle annular dark field (HAADF) and STEM-EDX mapping, a uniform distribution of Ni, Mo, and S over
a representative area for both catalysts was obtained. The typical fringes and also the layered structure of MoS;
with the characteristic interlayer distance of 0.62 nm which corresponds to the (0 0 2) MoS; crystal plane can also
be identified in the bright-field (BF) TEM micrograph. As shown in Table 14, it was found that the calculated
average slab length for UNiMoS was higher than the supported NiMoY 30 and vice versa for the average stacking.
On the other hand, the supported NiMoY 30 shows a 63% higher MoS dispersion than the unsupported catalyst.
However, UNiMoS showed more edge Mo atoms than the corner sites which should promote higher

hydrogenolysis activity than the NiMoY 30. In addition, different features of the MoS, morphology can be observed
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for both catalysts. A more rounded or curved MoS; layer can be observed for NiMoY30 mainly attributed to the

influence of the support. While sharper, bending, and curvy features can be observed for the unsupported NiMoS.

From both the XPS and TEM analysis, it can be noted that both sulfided-supported NiMoY30 and unsupported
NiMoS contain NiSx and MoS; phases. This result is also consistent with the XRD pattern for UNiMoS. It is worth
highlighting that the presence of NiSx has been found to enhance the hydrogenation activity of MoS,'%°. Moreover,
the synergetic effect between NiS; and MoS; was found to be another factor in improving the hydrogenation and
deoxygenation®, It was also found that excessive NiSx species can hinder access to MoS,, and thus curtail the
activity. Ho-TPR shows that Ni integration lowers the hydrogen uptake temperature more for NiMoY30 than
UNiMoS. The higher yield and selectivity over the use of NiMoY30 during hydrotreatment, according to the
catalyst characterizations (Hz-TPR, XPS, and TEM), was mainly attributed to the low-temperature Hz-activation
leading to enhanced stabilization of depolymerized lignin fragments. Moreover, the higher MoS dispersion for
the supported catalyst gave rise to a higher amount of edge Mo atoms rather than corners atoms, which improves
the hydrogenolysis and hydrogenation reaction activity. The acidic nature of the NiMoY30 also contributes to
isomerization, hydrocracking, and dehydration reactions. Nonetheless, the textural properties of the supported
catalyst presumably inhibit the accessibility of the bulky lignin molecules and fragments to the active sites, which

enhances the formation of char residues.

Table 14. XPS and TEM analysis results for the supported and unsupported NiMoS.

Catalysts Mo Ni sulfidation (%) Ni/(Ni+Mo) | Average | Average MoS; Edge-
sulfidation atomic ratio slab stacking | dispersion, to-

(%) length fvo corner

Mo*/Mo** NiSx NiMoS Ni?* (nm) ratio
UNiMoS 68/20 7 72 21 0.05 6.3 29 0.156 84
NiMoY30 75/13 24 66 10 0.22 43 3.8 0.254 5.2

Figure 36. HAADF-STEM/HRTEM images of a) unsupported NiMoS and b) NiMoY 30. (1) Materials overall, (11)
overview of the analysis area (orange box), (1) Molybdenum (Mo), (IV) Nickel (Ni), (V) Sulfur (S), EDX
mapping, and (VI) TEM micrograph.
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4.4  Slurry Co-hydrotreatment of Kraft lignin and pyrolysis oil over unsupported NiMoS

catalyst: a char suppression strategy

In the previous study (section 4.3), the use of supported and unsupported NiMoS was investigated in the
hydrotreatment of Kraft lignin. A combination of depolymerization, hydrogenolysis, and hydrodeoxygenation
(HDO) reactions occurred under this catalytic reductive approach for lignin liquefaction which gives a wide
spectrum of products. Various compositions of the liquid products consisting of phenolics, deoxygenated
cycloalkanes, and aromatics were obtained along with, insoluble solid char residues after the hydrotreatment. One
observation that can be obtained from the previous work was the presence of diffusion resistance for the polymeric
Kraft lignin over the supported catalysts. The inaccessibility of the larger lignin fragments to reach the NiMoS
active sites induced undesired reactions such as radicals coupling, recombinations, and condensation that

subsequently enhanced the formation of char residues.

Exploring different approaches that can limit and avoid the condensation and repolymerization reactions that occur
under the liquefaction of lignin sources could provide an opportunity for the production of lignin-derived
monomers. Table 5 in section 2.7 presented an overview of a literature survey related to various strategies in
suppressing the undesired secondary reactions during lignin valorization using a co-solvent, co-reactant, or
capping agent. Thus, in this study, for the first time, we have presented a study that covered the co-hydroconversion
of Kraft lignin and pyrolysis oil (co-reactants) using hexadecane as a non-polar solvent over a hydrothermally
synthesized unsupported NiMo sulfide catalyst. We have shown that co-processing pyrolysis oil with Kraft lignin
during catalytic hydroconversion can completely suppress the char formation. To further investigate the role of
pyrolysis oil co-processing for char suppression, multiple model compounds for pyrolysis oil were examined,
including a wide variety of chemical species like aldehydes, ketones, carboxylic acids, furans, and phenolics, in
terms of their global oil yield (wt%) and production of the undesired solid char residues (wt%). The effect of
adding monomers containing different functional groups like hydroxyl (-OH), methoxyl (-OCHj3), alkyl chain (-
CxHy), carbonyl (-R.C=0), formyl (-R-CH=0), and carboxyl (-COOH) on the rate of liquefaction and
depolymerization of lignin was studied. The effect of the ring saturation was also examined using co-reactants like
propylcyclohexanol and cyclohexanol in the lignin hydrotreatment. It was found that the most efficient model
compound was 4-propylguaiacol (PG) and further detailed studies were therefore performed on PG. Finally, a
reaction network was proposed describing the effects of pyrolysis oil and its oxygenated monomers on char

suppression during its co-processing with Kraft lignin.

4.4.1  Pyrolysis-oil-assisted Kraft lignin hydrotreatment

Pyrolysis oil (PO), is a liquid product derived from the pyrolysis of lignocellulosic biomass that represents a
complex multi-component mixture including furans, furfurals, ketones, aldehydes, alcohols, acids, esters, ethers,
sugars, and phenolic compounds®. Different capping agents have been examined during lignin depolymerization
(Table 5), such as phenols®, ethanol'®?, isopropanol'®, and p-hydroxybenzyl alcohol*!. Since pyrolysis oil
includes phenolic compounds as well as alcohols, we have therefore examined the effect of co-processing pyrolysis
oil and Kraft lignin (KL), intending to use the pyrolysis oil as a capping agent. To avoid extensive repolymerization
and charring reactions, we experimented by hydrotreating only PO (2.2 g) in the presence of unsupported NiMoS
without the KL lignin in a similar fashion as described in the previous section. A total liquid product yield of

27.9% was achieved after 6 h as shown in Figure 37. Among the detected compounds, 13.1% of the liquid yield

66



was contributed by cycloalkane-derived compounds. Traces of other compounds such as pentanoic acids, sulfurous
acids, carbonic acids, hexanoic acids, benzaldehyde-derived compounds, and alcohols like pentanol amounting up
to 9.9% could also be detected by the 2D GC x GC-MS in the hydrotreatment of PO. Another interesting
observation when running only PO hydrotreatment was that there were no solid char products obtained at the end
of the hydroprocessing. In contrast, for the KL lignin hydrotreatment, a high char yield of 14.7% was obtained.
This result led to further investigation by increasing the amount of PO used in the hydrotreatment of PO (4.4 g).
An increase in the liquid product yield (44.3%) could be obtained from doubling the loading of PO but with
otherwise the same experimental conditions. Similarly, in this experiment, no solid char product could be detected

when hydrotreating an increased amount of PO (Figure 37).

Then the concept of co-hydroprocessing lignin and pyrolysis oil with different ratios was implemented. These
experiments showed a promising result in terms of the apparent ability of co-feeding pyrolysis oil to suppress the
formation of undesired solid char products. Different ratios of lignin and pyrolysis oil (PO) were tested in the co-
hydrotreatment, and solid residues and bio-oil liquid products are shown in Figure 37. With a 1:0.1 weight ratio
of KL lignin and PO, an observable amount of solid char products up to 16.8% was obtained at the end of the
hydrotreatment. The char-suppressing effect of PO in the KL lignin hydrotreatment was not observed, instead, the
char yield increased slightly from the reference experiment at 14.7% (only KL lignin) to 16.8%. The bio-oil yield
obtained in this hydrotreatment (KL:PO 1:0.1) was 29.6%, of which 27.2% of it was composed of cycloalkanes
and alkylbenzenes. Unexpectedly, an increasing amount of co-processing feed of PO (KL:PO at 1:0.5) in the co-
hydroprocessing decreased the solid yield by approximately 10%. This result shows that the co-feeding of a
suitable amount of pyrolysis oil in the hydrotreatment of Kraft lignin was able to reduce the production of
recondensation products indicated by the reduced solid char yield. More interestingly, when the KL:PO feed
weight ratio was increased to 1:1, an undetectable level of solid char and 42.8% of bio-oil yield was achieved. This

experiment was repeated and indeed, the same results were retrieved with no solid formation.

The current results from the co-hydrotreating of KL lignin and PO suggest that Kraft lignin is mostly responsible
for the insoluble solid char residue formation during the hydrotreating process. The results also inferred that an
optimal amount of PO supplemented in the KL lignin hydrotreatment was able to reduce and suppress the rate of
condensation and repolymerization of the large lignin-derived fragments. The presence of various pyrolysis oil
compounds with certain advantageous functional groups at the beginning of the co-hydrotreatment was able to
stabilize the lignin-derived intermediates before they repolymerized to condensed solid char and also ultimately
improve the rate of Kraft lignin liquefaction by facilitating the depolymerization resulting in an improved liquid

oil yield.

67



[ Total liquid product yields [ 5olid char yields [CIcycloalkanes
[ |Alkylbenzenes ] Alkylphendlics
[_Jindanes/Naphthal Biphenyls/Anthracene [_| Acids/Ketones/Alcohols derived compounds

EI Solid char not detected (N.D.)

KL:PO 1:1

1

|0

KL:PO 1:0.5

KL:PO1:01 |—

=g (N.D.)
Only PO (4,4 g) F——

‘:r:| N.D)
OnlyPOR29)

Only KL

0 1II] 2'0 3'0 4'0
Total liquid product yields and solid char yields (wt%)

Figure 37. Co-hydroconversion of Kraft lignin (KL) and pyrolysis oil (PO) over an unsupported NiMoS.
Operational parameters: 400 °C, 6 h, 75 bar total hydrogen pressure, 1000 rpm, and 75 mL of hexadecane as
solvent. The KL lignin amount was fixed at 2.25 g and PO amount was varied. The weight percentage (wt%)

reported was calculated based on the total reactant (KL and PO) input.

4.4.2 Investigating the effect of model pyrolysis oil compounds as co-reactants in Kraft lignin
hydrotreatment
Co-processing of pyrolysis oil and Kraft lignin exhibited excellent results and was even able to completely
suppress the solid char formation. To deepen the understanding of the co-hydroprocessing of Kraft lignin with
pyrolysis oil, we examined the hydrotreatment of Kraft lignin with several model compounds representative of
different compounds found in pyrolysis oil. Firstly, different phenols (phenol and propylphenol) and saturated
cyclohexanol compounds (cyclohexanol and propylcyclohexanol) were studied in the co-hydrotreatment of Kraft
lignin. An increasing trend in terms of bio-oil yields could be observed in the order of: propylphenol (14.7%) <
propylcyclohexanol (37.8%) < phenol (44.6%) < cyclohexanol (49.7%). Both saturated molecules, 4-
propylcyclohexanol, and cyclohexanol, gave a lower char yield of 9% and 6.8%, respectively, compared to their
unsaturated ring counterparts. This could be attributed to the saturated rings of both compounds providing
hydrogen radicals that react with lignin fragments and radicals, subsequently blocking the radical coupling that

otherwise forms C-C bonds.

The effect of a larger pool of model pyrolysis oil compounds was selected for comparison according to: 4-
propylguaiacol (hydroxyl, methoxy, and propyl groups), guaiacol (hydroxyl, and methoxy groups), phenol (only
hydroxyl group), anisole (only methoxy group), benzaldehyde (only formyl group), acetic acid (only carboxyl
group), and hydroxy acetone (only carbonyl group). The effect of the functional groups (hydroxyl, methoxy, alkyl,
carbonyl, formyl, and carboxyl) on the yield of bio-oils and solid chars for co-hydrotreatment with Kraft lignin is
presented in Figure 38 b). The experiment where only Kraft lignin was used as a sole reactant in the hydrotreatment
was taken as a reference for comparison (Figure 38 b)). The condensation rate of large polymeric lignin fragments

was found to be extensively suppressed by the presence of three different functional groups (such as hydroxyl,
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methoxy, and propyl-) in the case of 4-propylguaiacol (PG), evidently from the scarcely low char yield (3.7%)
compared to all others. Noteworthy, in the reference experiment where no co-reactant was used, the catalytic Kraft
lignin hydrotreatment gives a relatively high char yield of 14.7%, and a bio-oils yield of 26.9% (from 2D GC x
GC-MS) in which the yields for cycloalkanes and alkylbenzenes are 21.6% and 3.2%, respectively.

Apart from PG, co-reactants like phenol and benzaldehyde were also found to enhance the depolymerization of
Kraft lignin, resulting in higher bio-oil yields of 44.6% and 40.3%, respectively. Both tests also resulted in a
slightly lower solid char production (11.9% for phenol and 13.3% for benzaldehyde) as compared to the reference
experiment with only Kraft lignin. Interestingly, for benzaldehyde, a high yield of alkylbenzenes (23.3%, yellow
bar in Figure 38 b)) was observed, which was not the case for PG and phenol where the major product was
cycloalkane-derived compounds. Whereas for guaiacol, anisole, acetic acid, and hydroxy acetone, comparatively
low bio-oil yields could be observed compared to the bio-oil yield achieved in only Kraft lignin hydrotreatment
(Figure 38 b)). For instance, anisole as a co-reactant in the Kraft lignin co-hydrotreatment gave a poor bio-oil
yield of 17.5% and also a higher char yield of 16.9%. These results provide an important insight into the presence
of multiple functional groups in the co-reactant, for instant PG, appearing to have a synergistic effect in limiting
the rate of lignin fragment repolymerization during the hydroconversion process over an unsupported NiMoS

catalyst.

Figure 38 c) gives an overview of the ranking of the different molecules with different functional groups in terms
of bio-oil and solid char yields. Several observations can be made from Figure 38 c), firstly, anisole as a co-
reactant gives the highest char yield of 17% as compared to all other co-reactants and also only Kraft lignin
hydrotreatment. While other co-reactants like PG, guaiacol, hydroxy acetone, phenol, benzaldehyde, and acetic
acid provide a lesser char yield (scattered in Figure 38 c)) as compared to the reference experiment (only Kraft
lignin). These reactants were found to be beneficial in terms of reducing the char formation reactions, with PG
showing the best char-suppressing capability during co-hydrotreatment with lignin. In terms of the bio-oil yields,
PG, phenol, and benzaldehyde show a higher liquid yield as compared to the others including the reference
experiment. A ranking considering the char-reducing potential of the individual compounds with different
functional groups is as follows: PG (hydroxyl, -OH, methoxy, -OCHjs, and propyl, -CsH7) > guaiacol (hydroxyl, -
OH, methoxy, -OCHs) > hydroxyacetone (carbonyl, -R,C=0) > phenol (hydroxyl, -OH) > benzaldehyde (formyl,
-R-CH=0) > acetic acid (carboxyl, -COOH) > anisole (methoxy, -OCHs). A summary of the GC x GC-MS
detectable yields of bio-oil products and the char yields obtained from the co-hydroprocessing of Kraft lignin and
various oxygenated monomers over an unsupported NiMoS catalyst are shown in Paper IV (refer to the
manuscript). The other products are the non-detectable compounds by GC such as heavy lignin oligomers, water
molecules, and light gaseous products. Since 4-propylguaiacol (PG) was the model compound that gave the lowest
char production as well as the highest bio-oil yield, its combination of functional groups under varying conditions

was further studied.
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Figure 38. Co-hydrotreatment of Kraft lignin with different model compounds. a) Effect of ring saturation b)
Effect of various functional groups on the bio-oil yields and solid residues. Reaction conditions: 400 °C, 75 bar
total H; pressure, 1000 rpm, 6 h, and KL:monomer (1:1). Monomers selection: 4-propylguaiacol, guaiacol, phenol,
anisole, benzaldehyde, acetic acid, and hydroxy acetone c) An overview of the ranking of the different molecules

with different functional groups in terms of bio-oil yields and solid char yields in the co-hydrotreatment with Kraft
lignin.

4.4.3 Influence of mass ratio of Kraft lignin versus 4-propylguaiacol during co-processing

The influence of the feed mass ratio between Kraft lignin (KL) and propylguaiacol (PG) was studied using the
ratios KL:PG of 1:2, 1:1, 1:0.5, and 1:0. The experiments were performed using hexadecane as a solvent over an
unsupported NiMoS catalyst at the reaction condition of 400 °C, 75 bar total H pressure for 6 h (Figure 39 a)).
Blank experiments, in which the hydrotreatment was performed without a catalyst were also conducted as
reference experiments. As expected, the undesired repolymerization of the reactive intermediates formed during
the non-catalytic depolymerization of lignin resulted in a high solid residue yield of 54.8% and a low bio-oil yield
of 17.9% (Figure 39 a), Exp 6). The total bio-oil yield, determined by GC x GC-MS, includes cycloalkanes,
alkylbenzenes, phenolics, indanes/naphthalenes/biphenyls and other oxygenates such as alcohols and ketones.

Interestingly, the solid residue yield (57.9%) is even higher when co-feeding both lignin and PG without catalysts
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(Figure 39 a), Exp 5), as compared to the experiment in which only lignin was used. This is evidently from the
images of solid char residues remaining in the bottom of the autoclave and around the stirrer in Figure 40. The
higher solid residue yield could be explained by the extensive reactions between the depolymerized lignin
fragments and also the added propylguaiacol via repolymerization, radical coupling, and condensation without the
activation of hydrogen provided by the presence of the catalyst. The importance of the catalyst for facilitating
hydrogenation reactions that stabilize reactive intermediates and eventual hydrodeoxygenation reactions is evident
by the high selectivities for phenolics and other oxygenate compounds in the experiments without catalyst and

only KL, and then even higher with PG co-reactant without the presence of a catalyst (Figure 39 a), Exp 5 and 6).

Further catalytic experiments were performed to understand the influence of adding PG as a co-reactant during
lignin hydrotreatment. There was a significant drop in undesired solid product yield when PG was co-feed in the
catalytic hydrotreatment. KL:PG ratio of 1:1 gives the lowest solid yield (3.7%), which is close to the ash content
(3.4%) of the Kraft lignin used. Moreover, it gives a notable bio-oil yield (~56.4%). It was worth noting that for
the mass ratio of KL:PG 1:2 and 1:0.5, both co-hydrotreatment tests also give a low solid residue yield of 4.4%

and 7.5%, respectively.

Figure 39 b) shows the reaction product selectivities among the catalytic and non-catalytic hydrotreatment of Kraft
lignin and PG in different mass ratios. The non-catalytic hydrotreatment of Kraft lignin and lignin + PG resulted
in phenolics selectivity of 12.0% and 62.8%, respectively. Other oxygenates such as alcohol-derived compounds
and ketones were in the range of 11-12% for both of these non-catalytic tests. On the other hand, for the catalytic
Kraft lignin hydrotreatment, HDO activity was apparent, and for the case with KL:PG ratio of 1:1 no phenolics
were detected and 66.9% cycloalkanes and 19.2% alkylbenzenes product selectivity was achieved. In KL:PG mass
ratio of 1:0.5, the product selectivity was similar as for only Kraft lignin hydrotreatment with cycloalkanes showing
66.9% as shown in Figure 39 b). While alkylbenzenes and polyaromatics product selectivities were 17.3% and
15.2%, respectively. When the feed of PG increased as KL:PG mass ratio decreased from 1:0.5 to 1:2, more
phenolics were detected, giving a phenolics selectivity of 9.8% in the case of the KL:PG of 1:2 mass ratio. This
could be reasoned by the contribution of derivatives from PG in the co-hydrotreatment as previously discussed
and is evident by comparison of the GC x GC-MS spectrums in Figure 41 d) without PG and Figure 42 d) with
PG. Since the mass ratio of KL:PG 1:1 hydrotreatment provided the lowest undesired insoluble char products and
reasonable total bio-oil yields, the same mass ratio between Kraft lignin and co-reactant model compounds was

selected for further experiments.
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Figure 39. a) Comparison of bio-oil yield and solid yield from experiments with different feed mass ratios between
propylguaiacol (PG) and Kraft lignin (KL) (Catalytic run: Experiment (Exp) 1: Only lignin, Exp 2: KL:PG 1:2,
Exp 3: KL:PG 1:1, Exp 4: KL:PG 1:0.5, Non-catalytic run: Exp 5: KL:PG 1:1 and Exp 6: Only lignin) b) Products
selectivity (cycloalkanes, alkylbenzenes, phenolics, indanes, naphthalenes, biphenyls and other oxygenates)
comparison for co-hydrotreatment of lignin with PG.

Figure 40. Solid residues resulting from non-catalytic experiments of co-hydrotreatment of KL. Left: inside of the

reactor vessel. Right: reactor head with a stirrer, thermocouple, dip tube, and cooling coil.

4.4.4  Effect of reaction time on co-hydrotreatment of Kraft lignin with 4-propylguaiacol

The influence of the reaction time on the co-hydroprocessing of Kraft lignin and 4-propylguaiacol (PG) was also
investigated by performing the experiments for 0 h, 3 h, 6 h, and 8 h at 400 °C, with the total H, pressure of 75 bar
and using the unsupported NiMoS catalyst. It should be noted that the notation of 0 h means the hydrotreatment
reaction was stopped once the reaction temperature of 400 °C was reached and then immediately cooled down
(cooling takes 25 minutes) to room temperature. The purpose of performing this experiment (0 h) was to
understand more about the solid char formation during the heating and cooling of the reactor system. Figure 43
compares the bio-oil yield calculated based on the identified liquid products from the 2D GC x GC-MS analysis
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and also solid char yields obtained after different reaction times with PG and without PG. The results show that as
much as 30.6% (for KL+PG) and 35% (KL) solid char were formed during the heating of the reactor to 400 °C
(time =0 h). As expected during the heating period, Kraft lignin was depolymerized and the depolymerized lignin
fragments start to undergo coupling reactions at low temperatures which eventually resulted in high solid char
formation. These results are in line with the report earlier about lignin pyrolysis. Hosoya et al. reported that the
condensation reaction was a major pathway in the early stage of the lignin dimer pyrolysis process and it was
effective at a lower pyrolysis temperature!4’. Some of the depolymerized lignin has also been further reacted and
formed different liquid products. These products included alkylated phenolics, cycloalkanes, aromatics, and
polyaromatics as can be seen in the 2D GC x GC-MS spectra shown in Figure 41 a) and Figure 42 a). This can
be reasoned by that Kraft lignin will start to decompose thermally at 250 °C in which the ether linkages, B-O-4
bonds will be cleaved to form monolignols!*®. PG in the co-hydrotreatment was also partially reacted and
underwent demethoxylation to form propylphenol as is prominent in the 2D GC x GC-MS spectra in Figure 42

a).

Figure 41. 2D GC x GC-MS chromatogram of the detectable liquid phase products evolved during different

reaction times a) 0 h, b) 3 h, ¢) 6 h, and d) 8 h from the Kraft lignin hydrotreatment. Reaction conditions: 400 °C,
total H; pressure of 75 bar, 0.75 g of NiMoS catalyst, 2.25 g of KL lignin, 1000 rpm, and 75 mL of hexadecane

solvent.
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Figure 42. 2D GC x GC-MS chromatogram of the detectable liquid phase products evolved during different
reaction timesa) 0 h, b) 3 h, ¢) 6 h, and d) 8 h from the Kraft lignin and PG co-hydrotreatment. Reaction conditions:
400 °C, total Hy pressure of 75 bar, 0.75 g of NiMoS catalyst, 2.25 g of KL lignin, 1000 rpm, and 75 mL of

hexadecane solvent.

As the reaction progresses, the char yields dropped drastically from 0 h to 6 h in both the Kraft lignin
hydrotreatment and also co-hydrotreatment of Kraft lignin and PG as shown in Figure 43. The decrease in the
solid char residues can be explained by that the formed solids were further depolymerized into oligomers and
eventually monomers through reactions like hydrogenolysis, ring hydrogenation, and deoxygenation. The
formation of these different oligomers and monomers eventually leads to an increase in the total bio-oil yield as
the reaction progresses. For the co-hydrotreatment of Kraft lignin and PG, a maximum bio-oil yield of 56.3% was
achieved after 6 h, however, it dropped significantly to 27.5% at 8 h. These results suggest that prolonging the
hydrotreatment duration negatively impacted the yield of bio-oils as the monomer units generated might undergo
polymerization again and form heavy oligomers and light gases. For the Kraft lignin hydrotreatment, a similar
trend of increasing bio-oil yields can also be observed with a maximum bio-oil yield of 27% achieved at 6 h, which
slightly dropped to 24%. The decreased bio-oil yields with only a slight increase in the char products after 6 h can
be reasoned by the possibility that oxygenated monomers undergo oligomerization forming heavy liquid soluble
compounds that are non-detectable by the GC. This is evident by the fact that the decrease in bio-oil yield later in
the process is more prominent in the case of co-processing in which oxygenated monomers are present already at
the start of the process and remain in high concentrations throughout the process (Figure 42 a) to d)). These
available monomers were likely to oligomerize with prolonged reaction times. Besides, the solid residues formed
can also undergo further reactions like liquefaction forming heavy oligomers which lead to poorer bio-oil yield.
There are similarities for both cases where Kraft lignin underwent hydrotreatment as a sole reactant and also with
PG, such as high production of insoluble solid char products at the early heating stage of the hydrotreatment and
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that the char production decreased over time. Another interesting observation that can be obtained by comparing
both hydrotreatments with and without PG, is that there was a significant reduction in insoluble solid char
formation before 6 h in the case when adding PG. The beneficial effect of adding PG in the co-hydrotreatment was
most apparent from 0 h to 6 h which might be reasoned that PG plays a crucial role in stabilizing the hydrotreatment
intermediates and suppressing the char formation reaction resulting in a low char yield of 3.7%. This can be further
demonstrated by the 4-fold higher char yield of 14.7% at 6 h in the case of only Kraft lignin hydrotreatment
(absence of PG). Notably, PG is not as effective during the heating period (before 0 h) in preventing solid
formation. This could be connected to the fact that the catalyst is not as effective at enabling hydrogenation
reactions at lower temperatures. It was also seen from the non-catalytic experiments that adding PG caused
increased solid formation without the catalyst (Figure 39 a), Exp 5 and 6).
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Figure 43. Co-hydrotreatment of Kraft lignin (KL) and PG (mass ratio of KL:PG is 1:1) at 400 °C, total H, pressure
of 75 bar, 0.75 g of NiMoS catalyst, 2.25 g of Kraft lignin, 75 mL of hexadecane solvent. The bio-oil yields are
calculated based on the initial intake of reactants.

These findings further led us to investigate the role of PG in the depolymerization routes of Kraft lignin
hydrotreatment. The FTIR spectra of the starting material, i.e. Kraft lignin, and also the lignin-derived char from
both Kraft lignin hydrotreatment and co-hydrotreatment with PG for different hydrotreatment times are shown in
Figure 44 a-b). A broad band at 3327 cm?, attributed to the hydroxyl groups in phenolic form, and the band at
2937 cm corresponding to the C-H stretching in aromatic methoxy groups can be observed for Kraft lignin
starting materials*®, Moreover, the usual C-H deformation in lignin and the carbonyl stretching conjugated with
the aromatic ring skeleton at 1454 cm™ and 1593 cm, respectively can be observed in the FTIR spectra*®. The
aromatic skeletal vibration of guaiacyl and syringy! units that are present in the lignin aromatic structure can also
be identified in the wavenumber range of 1000 cm™ to 1600 cm™ %, As the reaction progresses, the absorption
peaks of Kraft lignin diminished rapidly from 0 h to 8 h hydrotreatment, indicating the deconstruction of the
complex lignin macromolecule structure. The insoluble char residue for the hydrotreatment shows a similar pattern
for all runs and also peaks with weak intensity at 1421 cm™ and 1593 cm™* were observed indicating its aromaticity.
A broad peak around 1124 cm™, representing the C-H plane deformation of the syringyl unit was also observed

for the char residue from all hydrotreatment runs. Interestingly, the structure of the Kraft lignin begins to
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deconstruct as early as during the heating period of the reaction (0 h), and adding PG to the reaction did not affect
the lignin deconstruction pathway. It was also worth highlighting that this obtained result is in contrast to results
in a study by Joffres et al.?®L. In their study, the FTIR spectra of the initial wheat straw lignin showed a similar
pattern as the lignin residue at time zero (reaching 350 °C after 14 minutes)®%. It should be noted that our heating
period was significantly longer (40 minutes) and also that we used a higher temperature (400 °C). In our study
during the heating period of the reactor, the disintegration of the solid Kraft lignin is certainly driven by the
increasing temperature regardless of the presence of PG and produces the lignin-derived insoluble char product
which further breaks down into smaller lignin fragments for further depolymerization. The high yield of insoluble
char at 0 h (after 40 minutes of heating) for both cases (with and without PG) can be reasoned by the lower activity
of the catalyst for hydrogenation reactions at the low reaction temperatures. PG rather acted as a protecting agent
that stabilizes the reactive depolymerized lignin derivatives preventing and limiting repolymerization, but
primarily when the catalytic hydrotreatment reactions have reached their full extent. This is further demonstrated
in the $3C-NMR measurement, as shown in Figure 44 c) and d), where several functional groups present in Kraft
lignin were not observed in the solid residues even after the heating period (40 minutes). Liquid product analysis
confirmed the presence of demethoxylated and deoxygenated products like alkylphenols and aromatics. It can be
confirmed also from the *3C-NMR spectra that the resultant solid residue primarily consists of both aliphatic and

aromatic carbon moieties with only small amounts of methoxy groups and C-O-containing groups.
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Figure 44. FTIR spectra (a, b) and 3 C-NMR spectra (c, d) of starting material Kraft lignin and the lignin-derived
solid char products from different hydrotreatment times for a) and ¢) Kraft lignin hydrotreatment and b) and d)

Kraft lignin and PG co-hydrotreatment.
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It has been reported in various studies that lignin condensation reactions and lignin intermediate repolymerization
are the main reason for the formation of undesired condensed solid products which have been referred to as solid
char in this study®147152-1%5_ These reactions usually involve the formation of quinone methide intermediates
which resulted in the generation of the recalcitrant condensed interunit C-C linkages on the ortho- and para-
positions that limit further conversion of lignin oligomers to monomers. Moreover, Liu et al. conducted a real-
time experimental observation for pyrolysis of model lignin compounds like Guaiacylglycerol-B-guaiacyl ether
and guaiacol with/without HSZM-5 and found that the repolymerization of small lignin oligomers can act as a
competitive pathway for the formation of heavy oligomers which thereafter are forming lignin-derived char
residues'®®. In addition, Nakamura et al. studied the condensation reactions of lignin model compounds like
guaiacol, methylguaiacol, and methylveratrole under pyrolysis conditions (250 °C, under air atmosphere, and 2 h)
and identified the major lignin condensation pathways like vinyl condensation, quinone methide, and radical
coupling mechanism?®*, Okuda et al. studied the depolymerization of lignin in a mixture of water and phenol at
400 °C for the production of phenolics™®. It was also discussed in their study that the cross-linking reactions
between the depolymerized lignin fragments and residual lignin can further form heavier molecular weight
fragments leading to the formation of char residues®®. They revealed the addition of phenol as a capping agent in
lignin depolymerization was able to capture the reactive species and active sites in larger fragments and suppress
the formation of heavier fragments®®. In this study, when PG was supplemented in the Kraft lignin hydrotreatment,
the ‘capping’ effect of PG was demonstrated by the progressively decreasing yield of solid char residues in the
early extent of the hydrotreatment, and primarily after a sufficiently high reaction temperature was reached to
enable catalytic hydrotreatment. The cross-linking reactions were also suppressed by the entrapment of active
lignin fragments and also the stabilization of reactive radical species by PG. As the reaction progresses, and with
sufficient rates of catalyzed hydrogenolysis and hydrodeoxygenation reactions, the lower molecular compounds
like cycloalkanes, alkylbenzenes, and phenolics increase which eventually contributed to an increased bio-oil
yield.

4.45 Reaction network for pyrolysis oil-assisted Kraft lignin hydrotreatment

Findings in this study have prompted us to discuss further ways to avoid and limit the repolymerization and
condensation reactions during the degradation and depolymerization of lignin in the context of hydroconversion.
For example, Kim et al. summarized various efforts to avoid the undesired reactions that occurred during the
fractionation and depolymerization of lignin, that in turn affected the yield of low molecular weight products®. In
one of our previous studies, it was shown that the undesired repolymerization and recondensation reactions can be
avoided by injecting a lignin slurry in a pre-heated reactor containing solvent and catalyst, to facilitate swift lignin
depolymerization'®”. This slight alteration of the experimental protocol benefited the deconstruction of lignin by
avoiding the undesired repolymerization at the early onset of the reaction during the heating phase of the batch
reactor’. Also in a recent study in which lignin-derived oil was co-fed during the hydrotreatment of a pine
pyrolysis oil, it was shown that the co-fed lignin-derived oil inhibited the formation of coke and produced a more

stabilized mixture of pyrolysis oil and lignin 0il*°8,

In this work, a complex feedstock like pyrolysis oil containing molecules with various functional groups, as
protecting agents in the early phase of the hydrotreatment, efficiently blocking and limiting the pathway of
recondensation and repolymerization, was found to facilitate the depolymerization and liquefaction of lignin.

Another point that can be highlighted here was that the compounds present in the additional feed (PO and
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oxygenated monomers) used in this study for KL lignin hydrotreatment can also be obtained from the
depolymerization of lignin which then prevented the use of a separation process to recover and regenerate the co-
feed. Figure 45 illustrates the proposed multiple pathways of the catalytic reductive liquefaction of Kraft lignin in
hexadecane solvent in the presence of a hydrothermally synthesized NiMoS unsupported catalyst. It is facilitated
by the presence of oxygenated monomers funneling the lignin radical fragments to hydroconversion reactions
producing deoxygenated monomers instead of condensation and repolymerization reactions forming solid char
and lignin dimers. Kraft lignin undergoes primarily depolymerization by means of hydrogenolysis and the thermal
cracking of the condensed C-C bonds, and the C-O-C ether linkages, forming the primary depolymerized lignin
oligomers during the elevation of the hydrotreatment temperature. During this heating period, catalytic
hydrogenolysis/hydrotreatment reactions are weaker which favors condensation/repolymerization reactions of the
reactive lignin oligomeric intermediates forming condensed insoluble solid residues that led to unwanted solid
char production. Moreover, the stabilizing effect of PG and pyrolysis oil to reduce solid formation is most
beneficial when catalytic hydrogenolysis and other hydrotreatment reactions increase to their full effect. With the
presence of an active unsupported NiMoS catalyst, the stabilized lignin oligomers were able to access the catalytic
active sites and further undergo secondary depolymerization, yielding monomers such as cyclic compounds,

aromatics, and phenolics and lignin dimers like fused-ring compounds via hydrogenation and deoxygenation.

Pathways aided by the oxygenated monomers funneling the lignin radicals
fragments towards hydroconversion

Supplementing co-reactants Pathways toward condensation and repolymerization of lignin radicals
facilitating lignin liquefaction (no co-reactants)
-Pyrolysis oil

-Bio-derived oxygenated
monomers

Lignin

Primary Catalytic Secondary Catalytic

Li HO, OH
o SH lignin depolymerization HO ignin lignin depolymerization :©\/\ ©/ /@E
o >
Q o o ’ So o

-Catalytic hydrogenolysis -Hydrogenolysis 4Propyiguaiseol Tolmne Crvenol

Ho. -Thermal lignin linkages cleavage Meo! “Thermal lignin linkages cleavage o
o O (lignin liquefaction) o -Deoxygenation oH
o oMe -Hydrogenation ~o o -
OH Gusiaeel
Catechal oM
. Primary depolymerized Syringel
Kraft lignin

oligomeric lignin fragments L J
Depolymerized lignin monomers (alkylphenolics,
b

ok anali 1ol o
l Further recondensation alkylfcy ves, and slicy

-Ineffective

depolymerization
-Radicals coupling
-Repolymerization
-Condensation
reactions

R, i ']

ion and recor

4 of aromatic rings

-Partially depolymerized compounds O
bMe ‘ Solid char products O

\
g A 0 -
Repolymerized lignin fragments "“.‘ v Oe
-Condensation solid products "‘n._
- Phenantheene Antheacene

Naphthalene

------------ Fused-ring compounds/ lignin dimers

Figure 45. Proposed multiple routes involving the supplement of oxygenated monomers and pyrolysis oil in
catalytic lignin depolymerization and liquefaction to solid char, lignin dimers, and deoxygenated monomers in

hexadecane solvent in the presence of a hydrothermally synthesized NiMoS unsupported catalyst.
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4.5  Pilot slurry hydrocracking and fixed-bed hydrotreating of fast pyrolysis bio-oils (FPBO)

Fast pyrolysis bio-oils, a highly viscous bio-liquid resulting from the fast pyrolysis of lignocellulosic biomass
residues, is a potential renewable feedstock that can be further refined for the production of bio-based fuels and
chemical intermediates. However, FPBO has detrimental properties such as a high oxygen content, acidity, high
water content, and instability during storage. Moreover, the high coking tendencies of the FPBO during
hydrotreating can also cause plugging issues. Slurry-based hydroprocessing emerges as a potential technology
since such a process is inherently resistant to plugging problems, and the catalyst can be continually withdrawn
from, and replaced or recycled to the reactor. The slurry dispersed catalyst used in the process also allowed direct
contact of the catalytic material with heavy residue for better hydroconversion®. In a recent study by Dimitriadis
et al., the authors presented a whole processing chain that covered the fast pyrolysis of agricultural residue (straw)
producing FPBO, followed by stabilization of the resulting FPBO in an SHC pilot plant*®°. The stabilized FPBO
then underwent hydrotreatment in a continuous fixed bed reactor, producing bio-derived intermediates, that are
fully miscible with fossil feedstocks. Nevertheless, catalyst deactivation and plugging problems were still an issue
while processing challenging feedstocks like FPBO.

Previously, several studies have been carried out using the pilot slurry hydrocracking (SHC) plant in RISE ETC,
Pited for the co-hydroprocessing of renewable feeds such as pyrolysis oil and also Kraft lignin residues with fossil
residues. For example, a one-stage co-processing of FPBO (0 or 20 wt%) with fossil vacuum residue (at 50 wt%)
and vacuum gas oil (VGO) was carried out in the SHC plant using an in-situ generated oil-soluble molybdenum
precursor as catalyst'’. The results showed the potential of integrating bio-molecules into the continuous
processing of fossil feeds resulting in a low coke yield (~ 1 wt%) and also a highly deoxygenated product.
Moreover, in the subsequent study, Bergvall et al. investigated the co-processing of FPBO and VGO at a 20:80
wt% ratio under a continuous mode of operation'é’. Almost complete deoxygenation (~ 94%) was achieved under
the operating conditions of 410-435 °C and 1-2 h residence time. The biogenic carbon was found to be 53-56 wt%
under operating conditions. One of the challenges while co-processing renewable feeds and fossil feeds was also

to accurately determine the infusion of biogenic carbon to the end product.

Besides FPBO, challenging solid bio-feedstocks like Kraft lignin have also been upgraded in the slurry
hydrocracker using VGO as a carrier solvent, producing stabilized bio-crude that can be further processed in
existing refining infrastructures®®’. One of the main findings in the study was that feeding the cold lignin slurry
into a reactor system that has reached the desired reaction temperature can significantly avoid the undesired
repolymerization and recondensation reactions of depolymerized lignin intermediates at low temperature (~ 250
°C)17.

In this study, a two-stage hydrotreatment of FPBO was proposed; the first step involves a slurry hydrocracking of
the FPBO over the unsupported NiMoS (from studies Il and V). Then the stabilized FPBO further underwent
hydrotreating in a fixed-bed hydrotreater over a supported NiMo sulfide under a continuous mode of operation to

remove the remained oxygen content of the stabilized FPBO.
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45.1  Properties of FPBO

The FPBO used in this study was a liquid product purchased commercially. Its physical and chemical properties

are presented in Table 15.

Table 15. Chemical properties of as received and dry FPBO in this study.

Property Method As received Dry
Carbon ASTM D591 46.1 wt% 58.6 wt%
Hydrogen ASTM D591 6.8 wt% 5.6 wt%
Nitrogen ASTM D591 0.0 wt% -
Sulfur ENISO20884 28.4 wt% -
Oxygen (calculated) ASTM D591 47.1 wt% 35.8 wt%
Water ASTM E203 21.2 wt% 0.0 wt%
Density EN 1SO 12185 1.2 kg/dm3 -
Solids content ASTM D7579 0.0 wt% -
Ash content EN ISO 6245 0.0 wt% -
Kinematic viscosity (40 °C) ASTM D445 28.1 cSt -
Aliphatic OH functionality $IP-NMR 4.0 mmol/g -
Phenolic OH functionality $IP-NMR 2.3 mmol/g -
Carboxylic acid COOH 3IP-NMR 0.8 mmol/g -
functionality
Carbonyls ASTM E3146-18a 4.2 mmol/g 5.3 mmol/g
Total acid number ASTM D664 1.2 mmol/g 1.5 mmol/g

4.5.2  Liquid products properties

Table 16 presents the chemical properties of the raw FPBO, the slurry product from SHC, and the upgraded liquid
product from the fixed bed. As can be observed from Table 16, there was a reduction in oxygen content in the
slurry upgraded product from 36 wt% (the raw dried FPBO) to 15 wt%, showing the deoxygenation capability of
the unsupported NiMoS. The oxygen content of the raw dried FPBO was removed in the form of water and carbon

oxides.

Based on *!P-NMR analysis (Table 16), most of the oxygen present in the oil product obtained after the slurry
hydrocracking process was in the form of phenolics. The phenolics concentration was higher in the slurry stabilized
product (2.9 mmol/g) compared to the as-received FPBO (2.3 mmol/g). This can be attributed to that the phenolics
have a relatively high resistance towards hydrotreatment and hence are enriched in the lower volume of the slurry
product and also formed by the demethylation of the methoxy groups during the slurry process. It should also be
noted that OH products such as aliphatic hydroxyl groups (0.8 mmol/g) and carboxylic acids (0.5 mmol/g) were
lowered in the stabilized slurry product. It can be seen that the carboxylic acid content in the stabilized slurry
product was reduced to 0.001 mmol/g after the fixed-bed hydrotreating. Both the aliphatic OH and phenolic OH
functionality in the hydrotreated liquid product was significantly lowered as compared to the stabilized slurry feed

resulting in a total OH content of 0.005 mmol/g in the final product.
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The carbonyl contents in the FPBO are one of the reasons for the instability of the pyrolysis oil as the carbonyls
tend to undergo oligomerization and condensation reactions with phenolics forming larger polymeric
compounds®®2163. According to the 3'P-NMR analysis, the carbonyl content of the raw FPBO was found to be 4.2
mmol/g and with the slurry hydrocracking process, it was reduced to nearly half and was negligible in the final
product after the fixed bed upgrading. Besides, the increase in stability of the FPBO after the slurry process is also
evident from its viscosity change after an accelerated aging test for 24 h at 80 °C of the untreated FPBO and slurry
products (the heavy fractions). For the untreated FPBO, the viscosity increased from 36.4 to 46.1 cSt while the
slurry product showed nearly identical results before and after the aging test (12.2 and 12.0 cSt, respectively).
Furthermore, the slurry product showed a residue of 1.4 wt% after heating to 500 °C in an inert atmosphere in a
thermogravimetric analyzer (TGA) which is significantly lower than that from the raw FPBO, in which a high

amount of residue (20 wt%) was obtained due to coke formation?64,

On the other hand, a high *H-NMR signal of alkanes (96 mol%) and aromatics (4 mol%) associated hydrogen were
detected for the final hydrotreated product. It was also noticed that after the fixed bed hydrotreating of the slurry
product, the content of alkenes, alcohols/ethers, carboxylic acids, and aldehydes was not detected for the upgraded
liquid product. This is mainly attributed to the saturation of the alkenes and also the deoxygenation of oxygen-
containing compounds. A relatively high proportion of alkanes is also suggested by the high H/C atomic ratio of
1.88 (blue scatter in Figure 46).

Table 16. The chemical properties of the FPBO, the stabilized slurry feed, and the hydrotreated fixed-bed liquid

products. *As used in the fixed-bed hydrotreatment, **Sample 11 from the fixed-bed hydrotreatment.

CE:?}?S;:?;n Unit 'r:gclzic\)/ég)s FPBO (dry) Slurry-product* FB-product**
C wit% 46.1 58.6 72.5 85.4
H wit% 6.8 5.6 9.4 13.4
N wit% 0 - 0.06 <0.05
S wit% 0 - <0.1 <0.1
0 wit% 47.1 35.8 15.0 0.5
Water Content wi% 21.2 0.0 0.0 0.0
'H-NMR
Alkanes mol% 42.3 - 77.8 96.0
Alkene mol% 10.1 - 4.5 0.0
Alcohol/Ether mol% 33.0 - 7.8 0.0
Aromatics mol% 13.4 - 9.9 4.0
COOQOH/Aldehydes mol% 1.30 - 0.01 0.0
SIP-NMR
Aliphatic OH mmol/g 4.0 5.1 0.8 0
Phenol OH mmol/g 2.3 3.0 2.9 0.004
COOH mmol/g 0.8 1.0 0.5 0.001
Total OH mmol/g 7.1 9.1 4.2 0.005
Carbonyls mmol/g 4.2 5.3 2.4 Not detected
Total Acid mmol/g 1.2 15 0.7 Not detected
Number
Aromatic content by HPLC-RI
Mono aromatics wit% 4 29
Di aromatics wit% 3 2.5
Tri and hi_gher Wi% Not measured 04 0.0
aromatics
Total aromatics wit% 7.4 31.5

81



The chemical properties of the hydrotreated fixed-bed products are presented in Table 17. When the
hydrotreatment temperature was reduced to 340 °C, some differences were observed in the product properties. The
oxygen concentration increased slightly to 0.7 wt% for sample 12. This is also evident from the *H-NMR data that
show levels of alcohols/ethers and the 3!P-NMR data that show increased levels of phenols. Some signals from
alkenes can also be observed in the tH-NMR results, which is not the case at the process temperature of 380 °C.
The lower temperature also seems to reduce the proportion of aromatics in the product as can be confirmed by the

aromatics analysis using HPLC-RI.

20 = FPBO
19 7 # Stabilized slurry product
" A 4 Fixed-bed product
1,8 ¥ Dimitriadis et. al. (FPBO)
j Dimitriadis et. al. (Slurry product)
1,7 Dimitriadis et. al. (Fixed-bed product)
216
® »
1
o 1.5
I
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1 [ ]
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Figure 46. Van Krevelan diagram comparing atomic ratios of O/C and H/C for the FPBO (dry basis) and the

upgraded products and also the results from Dimitriadis et al.2é,
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Table 17. The chemical properties of the hydrotreated fractions 4 (after 16 h time-on-stream (T.0.S)), 11 (after 50
h T.0.S), 12 (after 56 h T.O.S), and 13 (after 61 h T.O.S) from the fixed-bed hydrotreatment.

EIemeljth Unit Fraction 4 Fraction 11 Fraction 12 Fraction 13
Composition
liquid product liquid product
collected after collected after the liquid
hydrotreatment | hydrotreatment the liquid collected after
Description at 380 °C, once at 380 °C, collected after hydrotreatment
all LGO is before the hydrotreatment | at 380 °C after
exchanged for temperature at 340 °C increase from
stabilized slurry starts to 340°C
feed decrease
Fixed-bed °C) 380 380 340 380
temperature
C wit% 84.9 85.4 85.6 86.1
H wit% 13.4 134 13.7 13.3
N wit% 0.0 0.0 0.0 0.0
S wit% 0.0 0.0 0.0 0.0
) wit% 0.4 0.5 0.7 0.5
'H-NMR
Alkanes mol% 96.4 96.0 97.4 95.8
Alkene mol% 0.0 0.0 0.1 0.0
Alcohol/Ether mol% 0.0 0.0 0.1 0.0
Aromatics mol% 3.6 4.0 2.5 4.2
COO'/"/A'dehydes mol% 0.0 0.0 0.0 0.0
Phenol
SIP-NMR
Aliphatic OH mmol/g Not detected
Phenol OH mmol/g 0.0 0.004 0.1 0.0
COOH mmol/g 0.0 0.001 0.0 0.0
Total OH mmol/g 0.0 0.005 0.1 0.0
Carbonyls mmol/g Not detected
Tlgtar:]ﬁ‘g;d mmol/g Not detected
Aromatic content by HPLC-RI
Mono aromatics wit% 29 29 19 27
Di aromatics wit% 1 2 2 4
Tri and h!gher wt% Not detected
aromatics
Total aromatics Wt% 30 | 31 | 21 | 31

The GC x GC-MS FID analysis was performed to further understand the composition of the slurry product and
also the hydrotreated products. As can be seen in Figure 47 a), a variety of oxygenated compounds (furans,
ketones, aldehydes, carboxylic acids, and phenolics) and also paraffinic-derived compounds, deoxygenated
aromatics, cycloalkane compounds, dimers, and polyaromatics were present in the stabilized slurry product. This
is further evident in the **C NMR spectra of the stabilized slurry products in Figure 49 and correlated to the results
obtained from the 3P NMR where the signals representing different OH groups were detected (Table 16). In
contrast, the upgraded FB product consisted of mainly paraffinic-derived compounds and aromatics (Figure 47
b). Similarly, the *3C NMR results also show that for the upgraded product, only paraffinic of varying lengths and

aromatics are present in the liquid sample (Figure 49).
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The upgraded FB product was distilled into the two boiling point fractions, < 177 °C and 177 — 343 °C. The two
distillation fractions both showed notable contents of cycloalkanes according to the 2D GC x GC-MS FID (49%
and 37% at the lower and higher boiling point range, respectively in Figure 48 c) and d)). Besides, the proportion
of aromatics was high, for the distillate fraction with a boiling point of 177 — 343 °C, giving 9.4% aromatics and
17.4% naphthalene compounds (a total of 26.8% aromatic compounds). This is also evident from the *C NMR
analysis showing signals in the region representing aromatics. The predominance of cyclic compounds (aromatic
and aliphatic) in hydrotreated pyrolysis oils has also been observed by others®:1%, |t should be noted, when starting
the slurry process, hexadecane was first used as a starting solvent in the main reactor to disperse the unsupported
catalyst, hence the hexadecane was recovered from the slurry product at the end of the process. As a result, peaks
corresponding to hexadecane (impurities retained in the column of the GC-MS) were not integrated and do not
make up part of the “paraffinic compounds” in Figure 47.

500
0 'hso hwo ' hoso hwo  hiso  hso

Figure 47. Two-dimensional GC x GC-MS FID spectra of the stabilized slurry products (a) and the hydrotreated
fixed-bed product, sample 11 (b).
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Figure 48. The distribution of compound classes as FID area-% according to GC x GC-MS FID a) slurry-product,
b) fixed bed (FB) upgraded product, c) Distillation fraction < 177 °C of FB-product, d) Distillation fraction 177 —
343 °C of FB-product.
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Figure 49. 3C NMR spectra of the stabilized slurry products, fixed bed hydrotreated product at 380 °C, and the
distillation fractions.
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45.3  Process material flow

Figure 50 a) and b) show the normalized product distributions by mass and carbon bases, respectively for the
slurry hydrocracking and fixed-bed hydrotreating processes, and their combined balances. The mass balance
closure was 99.6% for the SHC process and 96.8% for the FB process and the corresponding carbon balance
closures were 89.3% and 85.3%, respectively. The values presented here are normalized to 100% and the mass
balances reported are based on the total mass of the liquid and gaseous products (excluding Hz) with closure made
with total mass of the feed. The calculation of the carbon balances was performed using the non-normalized mass

yields and the non-normalized elemental compositions.

In the SHC process, there is a significant loss of both mass and carbon to water and gaseous products. Among the
gaseous products based on mass, quite similar quantities of carbon oxides (7.1 wt% for slurry process, grey bar in
the pie chart, Figure 50 a)) and gaseous hydrocarbons (6.5 wt% for slurry process, orange bar in the pie chart,
Figure 50 a)) were produced. However, CO; constituted a three times greater mass yield than CO and was the
dominating gaseous species (5.4 wt%), followed by CH4 (2.8 wt%). The higher removal of oxygen in the form of
COy is preferred, as CO; involves the removal of twice as many oxygen atoms per carbon atom as compared to
CO, which in turn contributes to an increased carbon recovery to the liquid products at a similar deoxygenation

level.

For the overall process, the yield of oil produced was 28.7 wt% (Figure 50 a)) and the recovery of carbon was 67
wt% (Figure 50 b)). The total H> consumption was 33.7 g/kg feed (raw FPBO) in the slurry process and 20.3 g/kg
feed in the FB process, which results in a total H, consumption for the overall process of 41.5 g/kg processed
FPBO (or 52.7 g/kg if expressed per kg dry FPBO).

It should be highlighted that the mass balance for the slurry process was calculated toward the end of the
experiment when the heavy product did not contain any of the hexadecane starting oil. Hence, the mass- and carbon
balances reported are not affected by the hexadecane recovery to the heavy product during the earlier parts of the
experiment. For the FB upgrading process, the effect of the presence of hexadecane in the slurry product used in
the FB process was negligible on the carbon balance as the carbon recovery was high for both the hexadecane and
the non-hexadecane parts of the slurry feed. For the mass balance, the presence of the remained hexadecane led to
a slight overestimation of the yield of oil product (the hexadecane presumably might contribute toward a higher
yield of oil production than the remainder of the feed). One of the main hurdles that can be observed from both
mass and carbon balances was the production of a large amount of water during the hydroprocessing of FPBO,
especially in this study, where there is no heavy fossil residue that acts as a second co-feed. The future
implementation of the concept might have to consider recycling and reusing the water stream as a source for
hydrogen production.
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Figure 50. a) Normalized product distributions by a) mass basis and b) carbon basis from the SHC and fixed bed

processes and their combination.
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5 Conclusions

Forms of transportation, including road, maritime, air, rail, and intermodal require extensive decarbonization
measures to reduce their carbon footprints. There is no silver bullet when it comes to combating the global climate
crisis, and a shift toward the use of renewable fuels and electrification is inevitable. Hydrotreatment, which
involves hydrodeoxygenation, lies at the center of the hydroprocessing of renewable feedstocks employing
sulfided catalysts. Challenging feedstocks such as Kraft lignin and pyrolysis oil derived from waste residues
require extensive pretreatments, purification, and upgrading methods like hydrotreatment before their products can
be applied in fuel and chemical production. In this regard, slurry catalytic hydrotreatment of model feeds, Kraft
lignin, and pyrolysis oil were investigated using metal sulfide catalysts in supported and unsupported forms. The
catalyst preparation, characterization, and relevant reaction routes covering single and co-processing modes were

explored and developed in this doctoral thesis through experiments.

It was found in the first study (Paper 1) that 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-
sulfide catalyst were 70%. The results show that Ni promoted the Mo catalyst while impregnating metals, such as
Fe, Zn, and Cu, inhibited the formation of deoxygenated cycloalkanes. Interestingly, the selectivity for
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 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.

A simple hydrothermal synthesis method for the preparation of an unsupported MoS; catalyst was explored in the
second study (Paper I1). An annealing pretreatment of as-synthesized MoS; 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 MoS; 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 MoS; and sample of bulk

MoS; used as catalysts. The results showed that the annealed MoS; unsupported catalysts gave high deoxygenation
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of Kraft lignin. These results also indicated that highly active-deoxygenation and hydrogenation catalysts could

suppress the formation of char and result in a higher yield of bio-oil.

In the subsequent study (Paper I11), we studied the combination of NiMo sulfides with USY zeolites for Kraft
lignin hydrotreatment. The study aimed to gain better insight into the role of the USY zeolite as catalyst support
and also the active sulfide metallic component NiMoS in the processing of a complex feedstock like Kraft lignin.
The interaction of the catalyst components and also Kraft lignin was explored by understanding the reactions
involved such as reductive depolymerization by means of hydrogenolysis, hydrodeoxygenation, and also
repolymerization of reactive intermediates to insoluble char residues. The obtained results showed that the non-
catalytic depolymerization of Kraft lignin resulted in a high yield of char residues (47 wt%). On the other hand,
with the presence of Y30 as a catalyst, the char residues were reduced by 20% owing to its surface acidity that
stabilized the reactive lignin intermediates and thus improved the overall bio-oil yield. With the use of NiMo
impregnated Y30 catalyst, a yield of 30.5 wt% deoxygenated cycloalkanes and alkylbenzenes with 24 wt% char
residues was obtained after 5 h hydrotreatment at 400 °C. In the case of a physical mixture of unsupported NiMoS
and Y30, the deoxygenated cycloalkanes and alkylbenzenes selectivity reduced by 30%, and the solid residues
also further reduced to 16.7 wt% indicating the improved accessibility of the NiMoS active sites for the lignin
fragments. Another main finding was that the liquid product yield could be correlated with the acidities and pore
size of the impregnated catalysts, indicating the possibility to tune the properties of the catalysts for a better

hydrotreatment performance.

In Paper 1V, we further explored pyrolysis oil-assisted Kraft lignin reductive liquefaction in a paraffin solvent
over the unsupported NiMoS catalyst (used in the previous study). It was shown that the co-processing of Kraft
lignin and pine fast pyrolysis oil (PO) resulted in an outstanding char reduction and improved total bio-oil yield.
When using an optimum amount of PO as a co-reactant (KL:PO of 1:1) a complete suppression of char was found
and we propose that the reason for this is the inhibition of the repolymerization routes of reactive lignin

intermediates by the various monomers supplied by the co-fed pyrolysis oil.

To gain further understanding, we examined and demonstrated the potential of co-hydroprocessing Kraft lignin
with various oxygenate monomers, as representative for different model compounds for pyrolysis oil, using the
same unsupported catalyst. The hydrotreatment was investigated along with reaction parameters including reaction
time, temperature, and catalyst loading to assess the effect on insoluble solid char residue yields (%) and the global
bio-oil yields (%). Among all the tested model oxygenates as co-reactants, 4-propylguaiacol (PG), which contains
hydroxyl, methoxy, and propyl functional groups, was found to have a substantial positive effect in terms of
suppressing the production of insoluble recondensed solid products, evidently from the decrease in solid char yield
from 14.7% (only Kraft lignin) to an extremely low solid yield of 3.4% at the same reaction conditions (400 °C,
total 75 bar hydrogen pressure, and 6 h). Moreover, Kraft lignin starts to deconstruct during the heating period and
yielded the highest insoluble char yield when the desired temperature was reached. The added 4-propylguaiacol
(PG) in the Kraft lignin hydrotreatment did not affect the deconstruction pathway but rather acted as a stabilization
agent stabilizing reactive intermediates. It was also important to highlight the stabilizing effect depends on
sufficient rates of catalytic hydrotreatment reactions for it to be effective to reduce solid formation. In the case of

a non-catalytic reaction, the addition of PG increased the solid formation.
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A ranking considering the char-reducing potential of the individual oxygenated compounds (co-reactant) was
provided giving the best performance in limiting solid char formation by the following sequence: PG (hydroxyl, -
OH, methoxy, -OCHs, and propyl, -CsH7) > guaiacol (hydroxyl, -OH, methoxy, -OCH3) > hydroxylacetone
(carbonyl, -R,C=0) > phenol (hydroxyl, -OH) > benzaldehyde (formyl, -R-CH=0) > acetic acid (carboxyl, -
COOH) > anisole (methoxy, -OCHs). The strategy of co-feeding bio-derived monomers and pyrolysis oil in the
Kraft lignin hydrotreatment provided insight into co-processing bio-feedstocks and the role of a second co-feed to

facilitate efficient lignin depolymerization to increase the desired bio-liquid yield and limit lignin condensation.

In the following study (Paper V), we demonstrate the use of the unsupported NiMoS catalyst in the processing of
raw FPBO for the production of renewable liquid hydrocarbon. The first step was the slurry process which was
found to improve the properties of raw FPBO in terms of reduced oxygen content, stability, and coking tendencies.
Downstream upgrading in the fixed bed process under continuous operation mode gave highly deoxygenated (0.5
wt% oxygen) hydrocarbons, equally divided between gasoline and diesel boiling point ranges. The final oil
products were distilled into gasoline and diesel boiling point ranges and both were shown to have cycloalkanes as

the compound group with the highest concentration, followed by paraffins and aromatics.

The overall process which included both the slurry and fixed bed upgrading resulted in a 29 wt% yield of liquid
hydrocarbon product from the FPBO. While for carbon balances, a carbon recovery of 67 wt% as liquid
hydrocarbon was achieved. The carbon loss was mainly attributed to the production of gaseous hydrocarbons (13.4
wt%), gaseous carbon oxides (5.5 wt%), and light organic compounds in the water phase. (13 wt%), from mainly
the slurry process. The Hz consumption for both process steps was 52.7 g per kg of processed dry FPBO or 140 g
per kg of produced liquid hydrocarbons. FPBO without any fossil residue co-feed was successfully processed first
in a slurry hydrocracker and then further upgraded in a continuous downstream fixed bed hydrotreater for 58 h
time-on-stream without any notable catalyst deactivation and pressure build-up. Future work will be dedicated to
further understanding the feasibility of this process concept and what stabilization degree FPBO requires for further
processing. The side products such as a large amount of water produced and also carbon oxides require

investigation for further valorization.

A comprehensive review (Paper V1) was written and included in this thesis on the topic of the application of metal
sulfide catalysts in the valorization of various renewable feedstocks such as triglycerides, monomeric and dimeric
phenolic compounds as bio-oil model substrates, pyrolysis oil, and lignin. Several aspects such as sulfide
deactivation, reaction kinetics, and mechanism were included. The challenges and potential future research areas
covering the efficient upgrading of renewable feed to liquid fuel were discussed. The summary also highlighted
the importance of metal sulfides in the hydroprocessing of renewable feedstocks and also the need for further

research to facilitate the better integration of potential renewable sources into existing refinery infrastructures.
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6 Future outlook

There are different challenges involved while scaling up the hydroprocessing of renewable feedstocks such as
triglycerides, FPBO, and lignin-derived oils. One of the common challenges is the deactivation of the catalyst
caused by the presence of inorganic impurities in renewable feedstocks. These impurities can poison the catalytic
sites, decrease the catalyst lifetime during the time-on-stream, and eventually hamper the processing stability.
Future work should focus on understanding the role of these impurities in the activity of the hydrotreating catalyst
and also develop purification and pretreatment methods for treating the potential renewable feedstocks prior to
upgrading steps. For instance, the investigation of different guard bed adsorbents for different renewable feeds is
of interest to effectively remove the impurities via physisorption. The removal of nitrogen content in the bio-
feedstocks is also another area that requires more attention. For example, hydrothermal liquefaction (HTL) bio-
crudes derived from sewage sludge and also algae oil contains high nitrogen and sulfur-bound polyaromatics that
require a pretreatment step to improve the feedstock properties before integrating into refineries. The same issue
is also faced while using pyrolysis oil derived from post-consumer plastic waste. Depending on the plastic type, a
variety of impurities, such as chlorine, nitrogen, oxygen, metals, silica, asphalt, and acids are also present, and
require proper purification methods before the plastic-derived oil can be further utilized for the production of

plastics, chemicals, or even fuels.

The one-pot hydrotreatment of Kraft lignin experiments conducted throughout this work shows relevant results in
terms of bio-oil yield, product selectivity, and also the reduction of char residues with the use of supported and
unsupported metal sulfides. It is apparent that future work will be to further improve the process by modifying and
improving the processing mode or experimental protocol to achieve a better bio-oil yield. These processing modes
could be a continuous or semi-continuous mode with a constant hydrogen flow that can enable better
depolymerization of bio-polymer and also hinders the undesired repolymerization and recondensation of reactive
intermediates. Besides, the further implementation of different potential renewable feedstocks into the pilot slurry
hydrocracker is important to demonstrate the possibility of the conversion of heavy and “difficult to convert’ bio-

feeds on a larger scale with the ultimate goal of integrating the concept into existing refinery infrastructure.

It was also shown in one of the studies in this work where the co-processing of pyrolysis oil and lignin slurry in a
non-polar hydrocarbon solvent presented a positive synergistic effect during the hydroprocssing. The future work
will be to continue this effort in realizing the co-processing strategy at full scale and develop further understanding
within this area. The long-term ambition is to process a higher level of renewable feed during co-processing and
eventually phase out the use of fossil-derived feeds for the production of either renewable transportation fuel as

the end product or bio-intermediates that can be used for further application.
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