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Kraft lignin valorization by hydrotreatment over Mo-based sulfided catalysts
MUHAMMAD ABDUS SALAM

Department of Chemistry and Chemical Engineering

Chalmers University of Technology

Abstract

The production of green fuels and chemicals from bio-based feedstock can suppress the
dependency on fossil resources and help mitigate global climate challenges. Kraft lignin is a
thermochemically modified natural lignin obtained from the pulping process as a byproduct.
It is an underutilized fraction, often used to recover heat and energy in the current industrial
practice. Chemically, it is highly rich in aromatics and thus has a huge potential to provide
platform chemicals/fuels. However, the major challenge in the valorization of Kraft lignin is its
recalcitrance to depolymerization due to the presence of strong interunit carbon-carbon
linkages. Also, upon depolymerization, active monomeric fragments undergo
repolymerization reactions forming undesired solid residue/char, thus making the
transformation highly challenging.

In this context, Mo-based sulfide catalysts being sulfur tolerant and active for removing
heteroatom-such as S, N, O, metals have been modified and studied with the aim to elucidate
the selective cleavage of common lignin linkages, the hydrotreating potential of Kraft lignin,
and upgrading of lignin derived bio-oil. The reactivity of lignin dimers, representing common
lignin linkages, shows that NiMo sulfides over ultra-stable Y-zeolite support, with a higher
amount of Brgnsted acidity, can efficiently cleave both etheric and carbon-carbon linkages
and yield deoxygenated aromatics and cycloalkanes by hydrodeoxygenation (HDO). Such
hydrogenolysis, hydrocracking, and deoxygenation activity were also found to vary with the
silica/alumina ratio of the Y-zeolites. The optimum activity was obtained with catalysts having
a suitable balance of acidic and deoxygenation sites (metal sulfides). Additionally, one-pot
hydrotreatment of Kraft lignin with a suitably functional catalyst shows a significant reduction
in the repolymerization reactions, leading to a high yield of bio-oil rich in alkylbenzene and
cycloalkane, a fraction suitable for example for jet fuel applications. Characterization reveals
that the key function of a suitable catalyst is hydrogen activation at a lower temperature which
facilitates stabilization of the lignin fragments, the moderate acidity of the catalysts, and high
HDO activity of the catalyst. Furthermore, unsupported Ni/Mo-sulfides have been synthesized
and found highly active for deoxygenation reaction and Kraft lignin hydrotreatment, resulting
mainly from their defect-rich morphology.

Conventional Mo-based sulfide catalysts thus can be tailored to enable their effective
application in the upgrading of complex biorefinery feedstocks to value added components.

Keywords: Kraft Lignin, depolymerization, char, hydrodeoxygenation, Bio-oil, metal sulfide, Y-
zeolite, acidity






List of publications

This thesis is based on the content of the following appended papers:

I. Upgrading of triglycerides, pyrolysis oil, and lignin over metal sulfide catalysts: A review
on the reaction mechanism, kinetics, and catalyst deactivation.

You Wayne Cheah, Muhammad Abdus Salam, Joby Sebastian, Sreetama Ghosh, Prakhar Arora,
Olov Ohrman, Louise Olsson, and Derek Creaser

Manuscript

Il. NiMoS on alumina-USY zeolite for hydrotreating lignin dimers: Effect of support acidity
and cleavage of C-C bond

Muhammad Abdus Salam, Prakhar Arora, Houman Ojagh, You Wayne Cheah, Louise Olsson, and
Derek Creaser

Sustainable Energy & Fuels, 2020,4, 149-163, https://doi.org/10.1039/C9SE005078B

lll. Hydrotreatment of lignin dimers over NiMoS-USY: effect of silica/alumina ratio

Muhammad Abdus Salam, You Wayne Cheah, Phuoc Hoang Ho, Louise Olsson, and Derek Creaser

Sustainable Energy & Fuels, 2021,5, 3445-3457, https://doi.org/10.1039/D1SE00412C

IV. Elucidating the role of NiMoS-USY during the hydrotreatment of Kraft lignin

Muhammad Abdus Salam, You Wayne Cheah, Phuoc Hoang Ho, Abdenour Achour, Elham
Nejadmoghadam, Olov Ohrman, Prakhar Arora, Louise Olsson, and Derek Creaser

Submitted

V. Thermal annealing effects on hydrothermally synthesized unsupported MoS; for
enhanced deoxygenation of propylguaiacol and Kraft lignin.

You Wayne Cheah, Muhammad Abdus Salam, Joby Sebastian, Sreetama Ghosh, Olov Ohrman,
Louise Olsson, and Derek Creaser

Sustainable Energy & Fuels, 2021,5, 5270-5286, https://doi.org/10.1039/D1SE00686)

Publications not included in this thesis

I. Role of transition metals on MoS,-based supported catalysts for hydrodeoxygenation
(HDO) of propylguaiacol.

You Wayne Cheah, Muhammad Abdus Salam, Prakhar Arora, Olov Ohrman, Derek Creaser and
Louise Olsson



VI.

VII.

Sustainable Energy & Fuels, 2021, 5, 2097-2113, https://doi.org/10.1039/D1SEQ00184A

. The Effect of Si/Al Ratio on the Oxidation and Sulfur Resistance of Beta Zeolite-

Supported Pt and Pd as Diesel Oxidation Catalysts

Phuoc Hoang Ho, Jungwon Woo, Rojin Feizie Iimasani, Muhammad Abdus Salam, Derek Creaser,
and Louise Olsson

ACS Engineering Au, https://doi.org/10.1021/acsengineeringau.1c00016

The role of catalyst poisons during hydrodeoxygenation of renewable oils

Prakhar Arora, Hoda Abdolahi, You Wayne Cheah, Muhammad Abdus Salam, Eva Lind Grennfelt,
Henrik Radberg, Derek Creaser, and Louise Olsson

Catalysis today, 367 (2021), 28-42, https://doi.org/10.1016/].cattod.2020.10.026

. Catalytic hydrotreatment of pyrolysis oil phenolic compounds over Pt/Al,03 and Pd/C

Funkenbusch, LiLu T., Michael E. Mullins, Muhammad Abdus Salam, Derek Creaser, and Louise
Olsson

Fuel 243 (2019): 441-448, https://doi.org/10.1016/].fuel.2019.01.139

Hydroconversion of abietic acid into value-added fuel components over sulfided NiMo
catalysts with varying support acidity

Houman Ojagh, Derek Creaser, Muhammad Abdus Salam, Eva Lind Grennfelt, and Louise Olsson
Fuel processing technology 190 (2019): 55-66, https://doi.org/10.1016/j.fuproc.2019.03.008
The effect of rosin acid on hydrodeoxygenation of fatty acid

Houman Ojagh, Derek Creaser, Muhammad Abdus Salam, Eva Lind Grennfelt. Louise Olsson

Journal of Energy Chemistry 28 (2019) 8594, https://doi.org/10.1016/j.jechem.2018.01.023

Influence of bio-oil phospholipid on the hydrodeoxygenation activity of NiMoS/Al,O3
catalyst.

Muhammad Abdus Salam, Derek Creaser, Prakhar Arora, Stefanie Tamm, Eva Lind Grennfelt,
Louise Olsson

Catalysts 2018, 8(10), 418; https://doi.org/10.3390/catal8100418

Vi



Contribution report

Paper |

I have planned, discussed, written part of the manuscript, and revised the entire manuscript
with a focus on integrating its parts with the other authors.

Paper Il

I have planned, performed the experiments, analyzed the data with co-authors, wrote the first
draft of the manuscript, and revised the manuscript based on feedback from co-authors.

Paper ll

I have planned, performed the experiments, analyzed the data with co-authors, wrote the first
draft of the manuscript, and revised the manuscript based on feedback from co-authors.

Paper IV

I have planned, performed the experiments, analyzed the data with co-authors, wrote the first
draft of the manuscript, and revised the manuscript based on feedback from co-authors.

Paper V

I have planned, performed some experiments (batch reactor, GC-MS analysis), analyzed the
data with co-authors, and revised the manuscript.

vii



viii



List of abbreviations

BET Brunauer Emmett Teller

BJH Barret Joyner Halenda

BPE Benzyl phenyl ether

BTX Benzene-Toluene-Xylene

CUs Coordinately Unsaturated Sites

DA Deoxygenated aromatics

DBF Dibenzofuran

DCOx Decarboxylation and decarbonylation
DHDPM 4, 4’ dihydroxydiphenylmethane

DDO Direct HDO

DMDS Dimethyl disulfide

DME Dimethyl ether

EDX Energy dispersive X-ray

EMCCD Electron Multiplying Charge-Coupled Device
FAME Fatty acid methyl ester

FID Flame ionization detector

FTIR Fourier transform infrared spectroscopy
GC Gas chromatography

GHG Greenhouse gas

HAADF High angle annular dark field

HEFA Hydroprocessed esters and fatty acids
HDO Hydrodeoxygenation

HDM Hydrodemetallization

HDN Hydrodenitrogenation

HDS Hydrodesulfurization

HVO Hydrotreated Vegetable Oil

HVGO Heavy vacuum gas oil

ICP-SFMS Inductively coupled plasma sector field mass spectrometry
LCO Light cycle oil

MFC Mass Flow Controllers

MS Mass spectrometer

PPE Phenethyl phenyl ether

PG 4-Propylguaiacol

TAN Total acid number

TMS Transition metal sulfides

TOF Turn Over Frequencey

TCD Thermal conductivity detector

TEM Transmission electron microscopy

TG Triglycerides



TPO Temperature programmed oxidation

TPD Temperature programmed desorption
XPS X-ray photoelectron spectroscopy
XRD X-ray powder diffraction

usy Ultra-stable Y zeolite

2-PP 2-phenylphenol

20 compounds 4-Propylcatechol



Contents

1 INEEOAUCTION ...ttt sttt 1
L1 BacK@IOUNA ....ceoiiiieiieieeieecie ettt ettt ettt s e e seaeeaseeeseesseebeensaesnnas 1
1.2 AIM QNA SCOPE...eiirierieiieitieitieeieeteereete et eseesstessseesseesseeseesseesssesssesssessseesseesseesseessnes 3
L3 OULHNE. ..ttt sttt st sttt ettt 4

2 Catalytic Hydrotreatment ... .....ccevueeiieiieieeiieeiese ettt 5
2.1  Catalytic Hydrodeoxygenation (HDO) .........cccceeeiiiiiiiiiiieieneeeeecee e 5
2.2 HDO using Transition metal sulfides (TMS)......cccciriiiieiieeeeee e 6
2.3 HDO of'lignin/lignin derived bio-01l .........c.cccvrviieviieriieiieiecie e 7
2.4 Deactivation of HDO Catalysts.........ccceeciireiieiiiiiieiieeieeiieieesieeieeseeseeseveereeseeaeens 10

3 EXPEriMENtal ......cccvviiiiiiiiieiiecie ettt ettt ettt e e re e e et enaeenae e 13
3.1 Catalyst Preparation .........ccceceeiuierierieeieeie ettt ettt ettt ne s 13
3.2 FEOASTOCKS ..ttt 14
3.3 Catalytic ACtiVity MEASUICIMENLS ........ccvvereriereereeieeteesiiesteeeeeeesseeseeseesseesseesseesseennns 14
3.4 Product @NAlYSIS .....ccceeiiiiiiiiieiieieesieese ettt ettt e e b e ae e reeees 16
3.5 Catalyst, lignin, and solid residue characterization.............ccecceeveervereenienierie e 17

3.5.1 N2 PhySISOTPHION...cuiiiiiiiiiiiiieeieieeieetest ettt s 17
3.5.2  Elemental analySiS.......ccvecierieiieiieeiieiieieeieesieeseesereeeteeseeseeseesseessaesnsesnseenne 17
3.5.3  X-ray photoelectron spectroscopy (XPS).....ccceeieioiiiieiieieieeee e 18
3.54  X-ray powder diffraction (XRD)......ccoeoiieiiiiieieieee e 18
3.5.5  RamMan SPECLIOSCOPY vvevvveerrrrerireerrieeriteerreessseeessreessseessseeessseesssessssesessesssseesssses 18
3.5.6  Temperature Program desorption (TPD) and reduction (TPR)..........ccceeeuvennenn. 18
3.5.7  Scanning and Transmission electron microscopy (SEM and TEM).................. 19
3.5.8  Lignin and solid residue characterization............ccccceeeeeeriieniieneenienieeie e 20

4 Results and DISCUSSION.......c..couiriiiiriiiiniiietcetetese ettt 21

4.1  The role of support acidity on hydrotreating lignin dimers ..........c.cccceverevererennnenne. 23
4.1.1  HDO of benzyl phenyl ether (0-O-4 linkage) .........ccceeeveevvieviierieneenieeie e 23
4.1.2  HDO Of PPE (B-O-4 HNKAZE) ...c.eeveueeiieiiriinrisieieieieeieei s 24
4.1.3  HDO of 2,2’BIiphenol........c.ccoiieiiiiiiiieieeieesee et ereeie e seveesseeveereens 26
4.1.4  Catalyst CharaCteriZation ...........cceecueeiieeseerieriesieeie et esieeseeeseeeseeseeeneeeeeeneeens 28
4.1.5  Catalytic properties related to the actiVity........ccecceeeierieriienieeeeeeeeeee e 32

Xi



4.2 Effect of silica/alumina ratio on the hydrotreatment of lignin dimers over NiMoS-USY

35
4.2.1  HDO of 2-phenylethyl phenyl ether (PPE) .........ccoooiiiiiiiiee e 35
4.2.2  HDO of 4,4 Dihydroxy diphenylmethane (DHDPM).........cccocoviviiriiicireieeens 36
4.2.3  HDO of 2-phenylphenol (2PP)........ccccieiieiieieeeeeeee e 37
4.2.4  Catalyst CharaCteriZation ...........c.cccueeeveerieereereereeereereesseesseeseessesseesseesseesseens 39
4.3  Elucidating the role of NiMoS-USY during the hydrotreatment of Kraft lignin....... 43
4.3.1  Hydrotreatment using impregnated NiMoS over ultra-stable Y zeolites........... 43
4.3.2  Role of NiMoS and Y30 in Kraft lignin hydrotreatment ...........c.cccccceeveurrernnen. 44
4.3.3  Catalyst characteriZation ............cceecieeiieereesierie et ee ettt e eeeeeeneeeeeeeens 46
4.3.4  Regeneration of catalyst and characterization of solid residue.........c...c............ 51

4.4 Thermal annealing effects on hydrothermally synthesized unsupported MoS> for

enhanced deoxygenation of propylguaiacol and Kraft lignin ...........cccecevieienennnne. 55
4.4.1 Catalyst CharacteriZation ...........ccceecveeiiieriierierie ettt eee st eens 55
4.42  HDO of 4-propylguaiacol (PG) over unsupported MoS; catalysts.................... 60
4.43  Hydrotreatment of Kraft lignin over an unsupported MoS; and bulk MoS...... 65

Concluding remarks and oUtlooK .........c.cocvieiieiieciieieiceeeee e 67

ACKNOWIEAZEMENLS .......eeiiieeeie ettt ettt ettt e st eeneesaeeeneeens 71

RETEIEICES ...ttt 73

Xii



1 Introduction

1.1 Background

Limited fossil-based resources, increasing greenhouse gas (GHG) emissions and their impact
on global climate change have shifted the focus towards a fossil-free sustainable society. As
shown in Fig.1, historic global CO; emission increased by ~40% since 2000 [2]. Considering the
announced pledges, global emissions can only be reduced by 40% by 2050 [2]. In the EU, as of
2020, ~31% lower GHG emissions were achieved compared to 1990 which is well below the
pre-estimated target [3]. However, based on the 2050 green deal of ‘net-zero emission’ a
significant amount of GHG emissions needs to be reduced. Thus, ambitious goals, combined
with stringent policies are set to propel stakeholders to surge energy efficiency and cut GHG
emissions to limit the global temperature within the range of 1.5°C.
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Fig.1 Global and EU GHG emissions trend and scenario adapted from IEA energy outlook [2] and EU
trends/projections [3].

Among others, the transport sector contributes to ~25% of the overall GHG emissions mainly
due to the combustion of fossil-derived fuels in the road, aviation, and maritime transport.
One of the UN sustainable development goals is to increase the renewable energy share to
achieve carbon neutrality. Such energy sources include resources like wind, solar, geothermal,
biomass, and biofuels, etc. The liquid biofuel derived from biomass can propel the transport
sector where electromobility seems impractical especially for heavy-duty vehicles, aviation,
and maritime transport [4]. Advanced liquid biofuels can play a significant role in this regard



as predicted in the different scenarios illustrated in Fig.2. The net-zero emission scenario
predicts that 90% of the total biofuel will be dominated by an advanced type of biofuel.

Conventional liquid biofuels are mainly derived from food-grade biomass like sugarcane, corn,
or edible vegetable oil. In the long run, they are not sustainable and risk food security. Typical
upgrading processes of these feedstocks are fermentation, transesterification, extraction, and
distillation, etc. Fermentation (to ethanol) is a slow but enzyme-specific process that is
challenging to scale up, but product yield/selectivity is rather high [5]. Transesterification
yields so-called FAME type biodiesel which consists of fatty acid methyl esters. EU limits the
maximum blending of FAME in Petro-diesel fuel to 7% (v/v), due to its high content of
oxygenates that cause poor cold flow properties and incompatibilities with the fossil fuel and

engines [6].
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Fig.2 Liquid biofuel demand and trends adapted from IEA energy outlook [2].

On other hand, advanced liquid biofuels can be derived from lignocellulosic biomass,
agricultural and forest residue, non-edible oil, waste cooking oil, animal fat, and algal biomass,
etc. Typical upgrading processes involve pyrolysis, hydropyrolysis, hydrothermal/reductive/
liguefaction, gasification, and hydroprocessing, etc. Thermochemical processes such as fast
pyrolysis yield bio-oil in a very short residence time but with a higher oxygen content which
makes it unstable even during storage. Hence further upgrading is inevitable. Gasification of
biomass to syngas is another alternative, where subsequent Fisher-Tropsch synthesis
produces synthetic diesel or bio-methanol/bio-DME (dimethyl ether) [7]. Hydroprocessing of
triglycerides yields advanced biodiesel known as hydroprocessed esters and fatty acids (HEFA)
or hydrotreated vegetable oils (HVO) mainly via hydrogenation and deoxygenation. Often the
process is termed hydrodeoxygenation (HDO). This is a unique catalytic process where the
product meets or exceeds the quality of petro-diesel and is thus compatible with existing
engines, as well as upstream (refinery) and downstream (refueling) infrastructures. The



ensuing advantages of this process include a significant reduction in GHG and sulfur emission,
as well as better storage and cold flow properties.

Among the above technologies, the HEFA/HVO process has been commercialized by Neste
(NEXBTL™), Diamond Green, UPM, Emerald Biofuels, Haldor Topsoe (HydroFlex™), ENI
(Ecofining™), Total, and Preem around the globe as stand-alone processes or with co-
processing of conventional petroleum. Fast pyrolysis bio-oil processes are under commercial
trial for advanced biofuel production [8].

The biorefinery byproduct, lignin (e.g., Kraft, lignosulfonate, or organosolv) has good potential
to be a source of advanced biofuel. Among the types, Kraft lignin constitutes 85% of the
worldwide lignin production [9]. Also, about 98% of lignin produced worldwide is incinerated
[10]. However, Kraft Lignin is highly rich in aromatics with aliphatic moieties pertinent to
valorize to platform chemicals (e.g., BTX) and fuels rather than heat and energy recovery as is
the practice today. In recent years, this potential feedstock has been exploited in research
using different methods/catalysts, and knowledge concerning its conversion to higher-value
products is growing at a rapid rate. One such process is catalytic hydrotreatment where
depolymerization of Kraft lignin and upgradation can take place in a single or multi-step
process [11, 12]. However, the tangible challenge is to develop a stable catalytic material
capable of depolymerizing the strong interunit lignin linkages and subsequent processing
steps to upgrade the fragments to target molecules. On the other hand, the high reactivity of
depolymerized lignin fragments makes this transformation difficult due to their recombination
to form solid residue or char which can deactivate the catalyst prematurely. On the other
hand, impurities in Kraft lignin e.g., sulfur (1-3 wt.%) limit the number of catalysts suitable for
its valorization. Therefore, fundamental insights correlating the physicochemical properties
of catalytic materials to their activity can boost the understanding of novel catalyst design to
achieve target products with higher selectivity.

1.2 Aim and scope

The objective of this work is to examine the upgrading of lignin and lignin derived bio-oil to
valuable liquid fuel components via catalytic hydrotreatment and gain critical insights into the
activity, selectivity, and stability of the employed catalyst.

Specifically, the focus is on sulfided NiMo catalysts and their combination with ultra-stable Y
zeolites as the support materials. Since lignin is a 3D biopolymer having interunit C-C and C-O-
C linkages, the reactivity of these linkages was first evaluated using model lignin dimers and
sulfided catalysts with varying support acidity and textural properties (Paper Il and Paper lll).
Later, Kraft lignin hydrotreatment was assessed using certain catalysts based on their catalytic
activity for the lignin dimers (Paper IV). The role of the catalyst components was studied by
comparing supported and unsupported Mo-based sulfided catalysts (Paper IV and Paper V)
for Kraft lignin. It has been identified that hydrotreatment yields bio-oil containing oxygenated
molecules such as alkylphenols and guaiacolics (e.g., propylguaiacol). Henceforth, the
hydrotreating activity of lignin derived bio-oil has further been investigated using unsupported



Mo-sulfides (Paper V). All the hydrotreatment studies were limited to a batch reactor run. In
addition, detailed catalyst characterization of the catalyst was conducted to gain insight into
how the physicochemical properties of the materials are related to their catalytic activity and
selectivity.

1.3 Outline

In this thesis, the focus is given to valorizing Kraft lignin via catalytic hydrotreatment
employing sulfided NiMo and Y zeolite-based catalysts.

Given the context described in Chapter 1, the thesis is organized into the following Chapters:

Chapter 2 describes the background regarding the catalytic hydrotreatment of renewable
feedstocks including Kraft lignin and lignin derived bio-oils with emphasis on the use of
transition metal sulfide (TMS) catalysts. The role of TMS catalysts and their deactivation
pathways are also highlighted in brief.

Chapter 3 explains the experimental techniques used in this thesis. In general, N;
physisorption for specific surface area and textural properties, temperature program
desorption for acidity, X-ray diffraction for crystallinity, X-ray photoelectron spectroscopy for
oxidate state, Raman, FTIR spectroscopy for characteristic structural vibration, scanning and
transmission electron microscopies to understand the dispersion and morphology of the
synthesized catalysts were used.

Chapter 4 discusses the key findings and includes a critical explanation of the results from the
appended papers.

Chapter 5 includes the concluding remarks and outlook, respectively.



2 Catalytic Hydrotreatment

2.1 Catalytic Hydrodeoxygenation (HDO)

Hydrotreating is one of the core processes in a complex refinery to remove impurities such as
S (hydrodesulfurization, HDS), N (hydrodenitrogenation, HDN), O (hydrodeoxygenation, HDO),
and metals such as Ni, and V (hydrodemetallization, HDM) from fossil-based feedstocks in the
presence of H; at high temperature and pressure. In fossil-derived feedstocks, the amount of
oxygen-containing impurities is very small compared to others. As a result,
hydrodeoxygenation (HDO) has also been employed to remove oxygen from bio-based
feedstocks (e.g. pyrolysis oil, vegetable oil, tall oil, etc.) which are rich in oxygen (~45%) [13,
14]. The high amount of oxygenates in the bio-oil leads to undesired properties such as high
viscosity, a poor heating value, corrosiveness due to a high total acid number (TAN), thermal
instability, and a tendency to polymerize during storage and transportation [15, 16]. Such
detrimental properties impede their direct utilization as renewable fuels.

Catalytic oxygen removal typically occurs with the formation of H.O, CO, and CO; in the
presence of hydrogen at elevated temperatures and pressure. Deoxygenation giving water is
often termed as direct-HDO (DDO) while others such as decarbonylation (removal as CO) and
decarboxylation (removal as CO3) are collectively referred to as decarbonation [17, 18]. The
process thus reduces the oxygen content and yields hydrocarbons to be used as a drop-in fuel
component. Henceforth, HDO has received widespread research focus exploring the
application of catalytic materials to upgrade oxygen-rich renewables to fuels and chemicals. It
is important to note that the HDO reaction-chemistry and resulting products heavily depend
on the catalytic material, reaction conditions, reactor type, and type of feedstocks to be
upgraded. For example, a saturated fatty acid molecule can undergo direct-HDO or
decarbonation routes while for phenol (CsHsOH), ring hydrogenation can compete with DDO
without any decarboxylation/ decarbonylation reaction. Other reactions during HDO include
a network of demethoxylation, demethylation, hydrogenolysis, dehydration, hydrocracking,
transalkylation, ring opening, isomerization, and condensation or polymerization (i.e., coking),
etc. Also, in the gas phase, the reverse water gas shift reaction and methanation can occur to
a small degree.



2.2 HDO using Transition metal sulfides (TMS)

Transition metal sulfide catalysts are typically used for HDS and HDN applications. Analogous
to an HDS catalyst, conventional Mo (or W)S2 and Ni or Co-promoted MoS; on y-Al>03 have
also been extensively studied for HDO applications [16, 19-23]. Since the catalyst also has a
high HDS activity, the residual sulfur content in the products can be maintained at a very low
level. The role of metal sulfides (e.g., M0S2/WS;), promoters, support materials, and reaction
conditions play a significant role during such an upgrading process. Unsupported TMS
catalysts have also been studied for such applications without any support materials, hence
exclusive of the metal-support interaction, support properties (e.g., acidity), and complexity
in the determination of active sites [24-26]. Eni Slurry Technology (EST) is one such example
where nanosized finely dispersed MoS; shows high hydrogenation activity (400-500 °C, 150
bar) for heavy vacuum residue [27]. Understanding the TMS structure and resulting
morphology whether supported or unsupported is thus vital to obtain mechanistic insights
during HDO.

In a typical MoS; layer structure, Mo atomic planes are sandwiched between two S atomic
planes. Such layers are anisotropic, can grow on top of each other, and are connected via weak
van-der-Waals forces. The top and bottom stacks are usually called basal planes and the
adjacent ends are called edges. In this way, MoS; can assume rhombohedral (3R), hexagonal
(2H), and octahedral (IT) structures with different physical properties of which 2H-MoS; is
common for hydrotreating catalysts [28]. Also, the growth of such a structure can be
influenced by the presence of support materials giving rise to Type-I (strong-interaction with
support), and Type-Il sites (weak interaction with support) [29, 30]. The reactive sites of MoS;
originate from the edge, corner Mo atoms having sulfur vacancies or coordinately unsaturated
sites (CUS), and the presence of sulfhydryl groups. According to the edge decoration model,
promoter atoms (Ni/Co) preferentially occupy the edge and corner sites to form the so-called
active Ni/Co-promoted MoS; (Ni-Mo-S) phase in hexagonally shaped MoS; nano-sized crystals
[23, 31]. It is postulated that Ni or Co promotion facilitates the formation of sulfur vacancies
or CUS (Fig.3) via d-electron donation and weakening the Mo-S bonds [22, 32]. The higher
electrophilic nature of Mo (acts as Lewis acid) thus interacts with oxygenate molecules [32,
33]. In the presence of hydrogen, metal sulfides can also form metal hydrides on the catalytic
surface (Fig.3). The activity of the catalyst thus depends on the type/combination of sites
present which can be engineered by parameters such as promoters, support, additives, and
activating conditions. In addition, the size, shapes, morphologies of the resultant MoS; slabs
are important parameters. Also, the orientation/mode of adsorption of the reactant
molecules to the active sites defines the favored reaction chemistry over the catalyst.

H
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Fig.3 Formation of sulfur vacancy (green dotted circles), hydrides, and sulfhydryl groups.
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2.3 HDO of lignin/lignin derived bio-oil

Lignin is the second most abundant natural polymeric material highly rich in aromatics that
contributes to 15-30% of plant biomass. Chemically it is a three-dimensional cross-linked
biopolymer consisting of three different propyl phenol units (monolignols), mainly coniferyl
alcohol, sinapyl alcohol, and p-coumaryl alcohol linked via etheric C-O ( a-0-4, B-0-4, 4-0-5,
etc.) and C-C linkages (5-5’, B-1, B-5, B-B, etc.) [34-36]. In a typical native lignin, B-0-4 linkages
constitute 45-60% of the overall linkages [35]. Such heterogeneity in the structure makes it
stiff and recalcitrant to further utilization. Typical linkages of lignin are shown in Fig.4.

OMe
HO\@\/\/ i HOIj\/\/
OH ji)\/\/ou OH
=z MeO 7 MeO Z

p-Coumaryl alcohol Coniferyl alcohol Sinapyl alcohol

Fig.4 Building blocks of lignin and typical lignin linkages.



In the biorefinery, large amounts of lignin (e.g., Kraft/Lignosulfonate/Organosolv) can be
separated chemically as a byproduct while making pulp or cellulosic ethanol. The current
industrial practice is to burn this carbon-rich byproduct or part of it for heating and power
generation purposes, despite its enormous potential as a renewable feedstock to derive green
chemicals and biofuels. Research efforts have been explored for both native and technical
lignin (lignin from biorefinery or processed native lignin) to depolymerize and upgrade it via
thermal (e.g. fast pyrolysis), oxidative, solvolytic, acid/base-catalyzed, and reductive methods
[36]. Efficient depolymerization requires selective cleavage of lignin linkages and suppression
of undesired (repolymerization) reactions. Lignin derived bio-oils thus contain monophenols
(alkyl/methoxy substituted), dimers, and phenolic oligomers. New functional groups/linkages
(e.g. stilbene, thiols, carbohydrate, sulfonate, etc.) are often reported to be found in the
modified or technical lignin depending on the processing conditions [37]. These add additional
complications for the further upgradation process. For example, S present in Kraft lignin (1-3
wt.%) and lignosulfonate lignin (4-8 wt.%) can poison noble metal catalysts during upgrading.
Hence a robust catalyst capable to depolymerize the residual linkages and promote
subsequent deoxygenation is crucial to obtain stable and advanced biofuels.

Catalytic hydrotreatment (e.g., HDO), a reductive process has been examined to depolymerize
lignin linkages and deoxygenate the phenolic monomers simultaneously to produce specialty
chemicals and biofuels. HDO of phenols [38-44], anisole [42, 45-48], substituted phenols
(cresols, guaiacols, syringols, eugenols, etc.) [21, 39, 42, 49-61] and lignin dimers [62-67] has
been demonstrated via noble metals (Pt, Pd, Ru, Re, Ir, etc.),metal-sulfides, carbides, nitrides,
and phosphides over various support materials (carbon, Al,03, ZrO,, TiO3, ZrO,-SiO3, Si02-Al,03,
zeolites, mesoporous silicates, etc.). Typical products are bioarenes (e.g. benzene, toluene,
xylene, ethylbenzene, etc.) [46, 53] and cycloalkanes (e.g. C6-C9) in the gasoline range [39,
68]. Bio-arenes for e.g. alkylbenzene can be blended as fuel additives [69]. However, the
complete range of products and selectivity solely depends upon the favored chemistry over
the catalyst-support combination i.e., physiochemical properties and reaction conditions.
Besides, understanding the influence of support acidity, metal-support interaction, pore
accessibility, and stability of the catalysts are tangible challenges in defining the catalytic
activity and selectivity [41, 70, 71]. For example noble metal-based catalysts (e.g. Pd/C and
HZSM-5) usually lead to phenolic ring hydrogenation and preferentially yield cycloalkanes via
acid induced dehydration [39].

Transition metals Co or Ni promoted Mo/WS (supported or unsupported) typically favor both
DDO-HYD and yield a mixture of alicyclics and aromatics from lignin derived phenolics (e.g.,
alkylphenols) [24, 26, 38, 72-77]. In a typical catalytic cycle for DDO (shown in Fig.5), oxygenate
molecules (e.g., phenol) bind to vacant sulfur sites. Proton donation from the sulfhydryl
groups (or metal hydride groups) creates a carbocation in the ortho position of the phenyl
group. Stabilization of the carbocation via benzene formation and water removal completes
the catalytic cycle.



Sulfided catalysts have also been found active for hydrogenolysis of C-O-C and C-C lignin
linkages [63, 78-81]. The strength of lignin etheric linkages (sp® hybridized) based on bond
dissociation energies are in the order: 4-0-5 (ca. 330 KJ mol)>B-0-4 (ca. 289 KJ mol?) >a-0O-
4 (ca. 218 KJ mol) while for a C-C linkage it is much higher (e.g. ca. 490 KJ mol™* for 5-5’ linkage)
[37, 82, 83]. Many catalysts have been reported to be capable of breaking down etheric
linkages, while very few can break C-C linkages in lignin [64, 65]. Shuai et al [78] claimed the
successful C-C cleavage of a model dimer, dimethylguaiacylmethane to phenolic monomers.
NiMoS,/C has been reported to cleave both C-O and C-C linkages in Kraft lignin to yield both
monomeric and dimeric phenols [84]. Zeolites (H-BEA, HZSM-5, H-USY) have also been
explored for hydrocracking reactions (C-C cleavage) and biomass fast pyrolysis [85-87]. A
combination of modified/mesoporous zeolites and NiMo sulfide catalyst has been reported to
cause C-C breakdown via hydrogenation, ring opening reactions of heavy vacuum gas oil
(HVGO), light cycle oil (LCO), and related studies [88-95]. Advantages with zeolites are their
tunable acidity, shape-selective pore sizes, and thermal and hydrothermal stability [86, 96].
However, the major challenges for complex feedstocks are their textural properties, diffusion
limitations, and deactivation via coking [41, 70]. Morphologies of the NiMoS phases and
proximity of the active sites (e.g. acid sites and sulfur vacancy) can play a vital role in governing
the activity of the catalyst [97]. Therefore, a robust catalyst with the ability to cleave both
etheric and C-C linkages would be ideal to valorize lignin/lignin derived bio-oil.
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Fig.5 Phenol DDO over Ni promoted MoS; adapted from ref [22].
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The sulfide catalysts have also been evaluated for the hydrotreatment of lignin. Pine Kraft
lignin has been investigated over sulfided CoMo/Al,O3 at 380 °C and 69 bar of H; in a batch
reactor and reported to yield ~21 wt. % of monomer with ~9 wt. % phenol after 1h of
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hydrotreatment. Hordacek et al. [98] investigated hydrolysis (organosolv) /lignosulfonate lignin
over sulfided NiMoP/y-Al,Os in a semi-continuous reactor and hydrotreatment (380 °C, 40 bar
H,) resulted in the formation of aromatic hydrocarbons and naphthenes having a solid residue
of ~20 wt.% at the end of 4h. Sulfided CoMo/Al.O3 has also been assessed using a modified
semi-continuous setup with a reflux condenser allowing the release of volatiles and reaction
water to drive the reaction and avoid catalyst deactivation [99]. A solvent-free approach under
high temperature and pressure using sulfided NiMo, and CoMo over aluminosilicate and
Cr,03/Al;03, ZSM-5, activated carbon, MgO-La;0s has a variable yield of depolymerized
product (14-26.4 wt.%) with low solid residues [100-102]. Oasmaa et al. [100] compares the
hydrotreatment (395-400 °C, 100 bar of initial H, pressure, 0.3-0.6h) of five technical lignin
(pine Kraft, birch Kraft, and organocell) using sulfided NiMo/aluminosilicate and 20 wt.%
Cr,03/Al;0s. The yield of liquefied bio-oil follows in the order of organocell>pine Kraft> birch
Kraft lignin could be attributed due to their structural variation. Hydrogen-donor solvents
(e.g., methanol) have also shown promising monomer vyields (15-35 wt.%) over sulfided
NiW/AC with traces of char but with DCM and DMSO soluble solids having high molecular
weights (2725 g/mol) [103]. Unsupported Ni, Co, Ag, and Mo sulfides have also been explored
using alkali lignin in ethanol and the results showed high yields of bio-oil (~85%) with low solid
residues (~9 wt.%). Reductive liquefaction of lignosulfonate lignin over oxidic NiMo/AlOs3 in
supercritical ethanol (310 °C, 26 bar Hj, 3h) shows high oil yield (88 wt.%) and a char yield of
about 15 wt.% [104]. The above studies infer that lignin valorization is largely affected by many
factors such as type/source of lignin, presence of impurities (S, Na, K, etc.), the chosen metal
sulfides, support properties, type of reactors, solvent, and operating conditions chosen during
the hydrotreatment.

2.4 Deactivation of HDO catalysts

Possible pathways for catalyst deactivations are poisoning, fouling or physical blockage,
leaching or vapor formation, sintering, attrition, and vapor-solid/solid-solid interactions [105-
107]. Transition metal sulfides during HDO deactivate mainly due to loss in sulfidity of the
catalyst, poisoning via impurities present in the renewables, presence of a large amount of
water which may cause oxidation of sulfide phase, and coking.

The activity of the Ni or Co-promoted MoS; (supported/unsupported) depends on the labile
nature of the sulfur vacancies which are prone to accept oxygenate molecules during HDO.
Strongly bound oxygenates can convert the sulfided catalyst to thermodynamically stable
oxides or oxysulfide’s which are less active. A continuous supply of sulfiding agents (e.g.,
dimethyl disulfide, H2S) has been found to restore the activity of the catalysts for aliphatic
esters and phenol [108-110]. However, the addition of sulfur contaminates the product. Since
the catalyst has high HDS activity, the final product usually only contains trace amounts of
sulfur. The addition of DMDS or H,S also changes the product selectivity e.g., via the
decarboxylation route while upgrading esters and fatty acids [18, 21, 108].

Bio-oil/Kraft lignin impurities, including alkali, alkaline-earth metals (Na, Ca, Mg, K),
phosphorus, phospholipid, chlorine, and Fe have been explored as possible poisons for HDO.
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Severe irreversible K deactivation due to the occupation of vacant sites near edges of MoS;
has been reported to occur for NiMoS,/ZrO, while for the same catalyst chlorine (Cl)
deactivation was reversible [110]. Fe reportedly preferentially deactivates the Ni promotion
of MoS: over y-AlbOs while upgrading fatty acids [17]. Trap grease phospholipid (acidic due to
less alkali metals) was shown to cause severe deactivation of a commercial CoMoS/y-Al,03
catalyst and eventual failure of the experiment due to coking and plugging of the reactor while
upgrading rapeseed oil [105]. Nitrogen-containing compounds such as amines, pyridines, and
their derivatives, quinolines have been reported as catalyst poisons [38]. Laurent and Delmon
[21] showed the severe deactivation of Co/NiMoS- y-Al.03 by a diamine.

Bio-ail is highly rich in oxygenates. Also, lignin can have ~30 wt.% oxygen in its structure.
Therefore, water generated during hydrotreatment may have a negative impact on the
activity and stability of the sulfide phase and support materials. A combined experimental and
DFT study shows that Co-promoted MoS; has better water stability which prevents partial
oxidation of the active phase to sulfate/oxidized layers via sulfur-oxygen exchange [111].
However, partial oxidation of Ni phases has been reported to be the main cause of the NiMoS
deactivation over y-alumina [112]. Also, y-alumina reportedly crystallizes to a hydrated
boehmite phase in the presence of water. Coumans and Hensen et al. [18] showed that in-situ
generated water (up to ~33000 ppm) has little effect on sulfided NiMo/y-Al,Os during HDO of
methyl oleate owing to indemnifying effect of H.S.

One of the major challenges in catalysis is the coking of the HDO catalysts. It has been
demonstrated that the coking on the catalyst surface results from undesired side reactions
(e.g., cracking, aromatization, dehydrogenation, cyclization, and condensation, etc.) of the
chemisorbed species. Physiochemical properties of the catalyst (e.g. acidity), type of precursor
molecule (e.g. alkenes, aromatics, oxygenates) and the reaction conditions affect the coke
formation [113]. The carbonaceous deposits at low temperature (<200 °C) usually form via
condensation and rearrangement reactions and strongly depend on the type of
feeds/reactants, while at high temperature (>350 °C) they are polyaromatics formed via
additional dehydrogenation and hydrogen transfer reactions [114]. Coke formation ends up
blocking the active sites and plugging the pores when deactivate the catalyst.

Apart from this, separation of the promoter, sintering of the active phase (both
supported/unsupported catalysts), support acidity, or basicity can further influence the
catalyst deactivation [115-117]. During lignin depolymerization, reactive oxygenate fragments
often undergo coupling reactions forming solid residue/char that can deactivate the catalyst
employed for hydrotreatment.
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3 Experimental

3.1 Catalyst Preparation

Supported catalysts containing Ni and Mo were prepared by a wet impregnation process using
calcined y-Al,03 (PURALOX®, Sasol) and ultra-stable Y zeolite with various SiO2/Al,03 ratios
(Zeolyst International) [118-120]. Aqueous solutions of (NH4)6M07024.4H,0 (99%, Sigma-
Aldrich) and Ni(NOs)2.6H,0 (98%, Sigma-Aldrich) were used as the precursors for the metals.
Mo solution was first added dropwise to an agueous mixture of the support (y-Al>Os or ultra-
stable Y zeolite or a physical mixture of both) under stirring followed by drying and calcination
in air at 450 °C reached with a ramp of 5°C min™! for 4 h. In the second step, Ni solution was
added similarly to the Mo impregnated supports. Again, after drying, the material was
calcined. This protocol was followed for Papers Il and Ill while for Paper IV, co-impregnation
of the Mo and Ni precursor solution was used instead followed by drying and calcination as
mentioned above.

Unsupported MoS; (Paper V) and Ni-promoted MoS; (Paper IV) were prepared via a modified
hydrothermal method. A required amount of ammonium heptamolybdate tetrahydrate
(>99%, Sigma Aldrich), Ni(NO3),.6H,0 (for NiMoS; only), and thiourea were dissolved in ultra-
pure water for the synthesis. The pH of the resultant solution was modified via HCI (35 wt.%,
VWR) to 0.8 and transferred to 70-ml or 300-ml Teflon-liners. The liner was then placed in an
autoclave reactor and heated in an oven at 200 °C for 12 h or 24 h. The pH unmodified solution
also went through these steps to examine the effect of the acid modification. As-synthesized
MoS; or NiMoS were separated by filtration, washed thoroughly with absolute ethanol, and
dried under vacuum at 50 °C overnight. In addition, dried MoS; was further annealed at 400
°C for 2 h under a nitrogen atmosphere to examine the influence of morphological changes
caused by the annealing (Paper V). Following terminology was used for the above synthesized
catalysts,
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3.2 Feedstocks

Benzyl phenyl ether (98%, Sigma Aldrich), 2-phenethyl phenyl ether (98%, Frinton
Laboratories Inc.), 2,2'-biphenol (99%, Sigma Aldrich), 4,4’-dihydroxydiphenylmethane, 2-
phenylphenol were used to mimic etheric and carbon-carbon linkages of native/technical
lignin’s shown in Fig.6 (paper Il and Ill). In paper IV, Kraft lignin (Sigma Aldrich) was used as
the starting material. In paper V, 4-propyl guaiacol and Kraft lignin were used as the feeds to

outline the catalytic transformation.
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Fig.6 Model compounds used to mimic ether and C-C linkages and lignin derived bio-oil

3.3 Catalytic Activity Measurements

The activity experiments were carried out in a 300 ml batch reactor (300 ml, Parr Instruments).
The reactor consists of a magnetically driven internal stirrer, inlets for Ha/N; gas, a gas outlet
with scrubber, and a liquid sampling line to collect a small volume of reaction samples (0.5- 2
ml). Before the activity experiment, calcined supported catalyst (0.5-0.75 g) was sulfided in
the reactor using dimethyl disulfide ((0.5-0.75 ml, 299.5%, Sigma-Aldrich) and 20 bar of H;
(99.9%, AGA) at 613 K for 4 h. Solvent (Dodecane or hexadecane) was added immediately after
the sulfidation to avoid air exposure. The reactor, after loading with the reactants (models
compounds/Kraft lignin) was flushed three times with N, followed by three times with H;
before pressurizing it to 0.1-40 bar (based on the feed) using H, at room temperature. The
stirring was maintained low (50 rpm) for model compound studies to dissipate the heat and
minimize reaction during the heating while for Kraft lignin it was set to 1000 rpm from the
beginning to prevent lignin sedimentation at the reactor bottom and sintering during heating.

For model compound studies, the final reactor condition was maintained at 50 bar, 300-320°C,
1000 rpm of stirring for 5 or 6 h. For Kraft lignin, the reactor reached a pressure of 72-80 bar
when heated to 340-400 °C (35-40 bar at 25°C) without any further pressure adjustment. For
model studies, multiple samples (0.5-2 ml) were collected at different time intervals which
caused a temporary pressure to drop of ca. 1-2 bar, which was compensated by repressurizing
to 50 bar following each sample withdrawal. No samples were withdrawn for Kraft lignin
experiments. After 5 or 6 h, the reaction was stopped by rapid cooling to room temperature.
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At this point, the gas sample was collected in a stainless-steel gas cylinder before
depressurizing the reactor. The reactor was finally purged with Ny before collecting the
reaction products, catalysts, and residual solids. For model studies, the recovered catalyst (via
filtration) was washed with volatile solvents (diethyl ether/acetone), dried, and used for
further characterization. For Kraft lignin studies, the bio-oil phase, rich in hexadecane, was
recovered via vacuum filtration. The residual solids/catalysts in the reactor and from filtration
were then thoroughly washed with acetone and the derived fraction is termed as the aqueous
phase, rich in acetone. The residue was then dried, washed with dimethyl sulfoxide (299.9%,
VWR) to remove any unconverted lignin, and finally washed with acetone before drying for
further characterization. The workup procedure is shown in Fig.7
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Fig. 7 Kraft lignin hydrotreatment workup procedure.
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3.4 Product analysis

The reaction samples (paper Il and V) collected from each experiment were analyzed by a gas
chromatograph-mass spectrometer, GC-MS (Agilent 7890-5977A, Agilent). The GC has a non-
polar HP-5 column (30 m x 250um x 0.25 um) equipped with flame ionization detector, FID
(set point: 335 °C) and mass spectrometer (5977A, Agilent) for species identification via the
NIST library. In a typical method, the initial oven temperature was kept at 100 °C for 1 min
which is then heated at 10 °C/min to 190 °C followed by ramping at 30 °C/min to 300 °C and
held there for 1.3 min for a total analysis time of 15 min/sample. At the GC inlet, the injector
temperature was maintained at 325 °C. Liquid samples (paper lll) were also analyzed by a
modified GC-MS column, DB-5 (30 m x 250 um x 0.25 pm), and BPX-50 column (2.5 m x 100
um x 0.1 um) with similar settings (oven temperature: 70°C for 1 min, 15 °C/min to 300°C for
5 min). Quantification is based on the standard calibration of reactants, intermediates, and
products identified by GC-MS. Following equations were used for model compound studies
(paper I, lll, and V) to account for the conversion (X), yield, and product selectivity:

moles of reactant left
f f JxlOO

Conversion, X (%) = [1- ——
(%) / Initial moles of reactan

] moles of product
Yield (%) = - x100
moles of reactant in feed

Selectivity (%) (moles of product)i 100
0] = X
electivity Dl (moles of product)i

mmol of ethylbenzene and phenol formed at 35 min

Initial rate of reaction =
f Time (h).mass of catalyst

mmol of total phenolic dimers formed at 35 min

Initial rate of transalkylation =
f 4 Time (h).mass of catalyst

Initial rate of reaction at 35 min
Total acidity of the catalyst

Turn over frequency (TOF) =

The liquid samples obtained from the Kraft lignin hydrotreatment (paper IV and V) were
analyzed using a 2D GC x GC-MS-FID (Agilent 7890B-5977A, Agilent) consisting of a long mid-
polar column VF-1701MS (30 m x 250 um x 0.25 um), a short non-polar column DB-5MS (1.2
m x 150 pm x 0.15 pm) and a thermal modulator with a hot and cold jet of nitrogen. The GC
oven starts at 40°C for 1 min followed by ramping to 280 °C with a rate of 2°C/min. Thermal
modulations and FID were maintained at 8s and 250 °C respectively. The quantification of the
products was based on the detailed analysis of the compounds evolved in the 2D GC images
via GC image software. Standard calibration of phenol, alkylphenols (cresol, ethylphenol,
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propylphenol, etc.), deoxygenated aromatics (benzene, toluene, xylene, ethylbenzene,
propylbenzene, naphthalenes, phenanthrene, etc.), cycloalkanes (cyclohexane,
methylcyclohexane, propylcycolohexane, etc.) were used using pyridine as an internal
standard to quantify the products obtained from the hydrotreatment. The following equations
were used to quantify the Kraft lignin hydrotreatment (paper IV and V).

- o X (% /] amount of unconverted lignin 100
_ _ X
onversion, X (%) Initial dried lignin charged

amount of product (g)after 5h
. 0/ —
Yield (wt7) Initial dried lignin charged (g) x100

Selectivits (i amount of product (g)after 5h 100
_ x
electivity (Wt %) Total detected products (g)

) ) . ) Dried total solid residue — amount of catalyst charged
Solid residue yield (wt. %) = Initial dried lignin charged *100

The gas samples obtained from the hydrotreatment were analyzed using a GC (SCION 456,
Bruker) with thermal conductivity and FID detectors. Water content in the hexadecane and
acetone phase was measured by the volumetric titration method using a Metrohm 870 KF
Titrino plus apparatus.

3.5 Catalyst, lignin, and solid residue characterization
3.5.1 N; Physisorption

Textural properties (specific surface area, pore size, and pore volume) of the catalysts were
measured by a TriStar 3000 gas analyzer. Samples were dried in a flow of dry N, before being
introduced into the analyzer. Alumina-based catalysts (0.2-0.3g) were degassed at 250 °C for
2 h while zeolite-based catalysts (0.1-0.2 g) were dried at least 6h (preferably overnight)
before the measurement. Unsupported catalysts (0.1-0.2) were degassed overnight at 300°C.
The Brunauer-Emmett-Teller (BET) method was employed to calculate the specific surface
area and Barret-Joyner-Halenda (BJH) method for the pore sizes.

3.5.2 Elemental analysis

Elemental analyzers EA-1110 (CE instruments), and NA2000 (Fisions instrument) were
employed to determine the cumulative quantity of C, H, N, and S elements in the recovered
catalysts collected after each experiment. During the analysis, the sample was combusted at
high temperature and combustion products separated by GC were detected via a thermal
conductivity detector (TCD). The measurement was based on the TCD calibration of
combustion products. These measurements (paper Il and lll) were done by Elemental
Microanalysis, UK. Metal loading in the fresh and spent catalysts was determined via
inductively coupled plasma and sector field mass spectroscopy (ICP-MS) by ALS Scandinavia
AB, Lulea, Sweden.
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3.5.3  X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy is a surface-sensitive technique used to identify the
chemical state of the elements. During the measurement, the sample surface is irradiated with
a high-energy focused beam of X-rays (hv, eV) during the analysis. As a result, photoelectrons
are emitted from the valence bond of the element, the energy (Exn, €V) of which can be
analyzed by an energy analyzer considering the work function as well. The difference between
the incident and ejected photoelectron energy is thus a measure of binding energy (Ep = hv-
Exin) and the oxidation state of the elements.

Freshly sulfided and recovered catalysts were analyzed by X-ray Photoelectron Spectroscopy
via Perkin Elmer PHI 5000C and Perkin Elmer PHI 5000 VersaProbe Ill Scanning XPS
microprobes. In both cases, irradiation of the sample was performed in an ultra-high vacuum
chamber (less than 2x107® torr) with a monochromatic Al-Ka source having a binding energy
of 1486.6 eV. A spherical energy analyzer was used to detect the emitted photoelectrons. High
resolution core level spectra of Ni, Mo, C, O, and S were recorded with a step of 0.1 eV or
0.125 eV. MultiPak and CasaXPS were used to analyze/deconvolute the obtained spectra.
During the analysis, the C1s binding energy of 284.6 eV (or 284.8 eV) was used as the reference
with a Shirley background.

3.5.4 X-ray powder diffraction (XRD)

X-ray diffraction, a non-destructive technique was employed to identify the crystalline
structure/planes of synthesized catalysts. The XRD patterns were measured using Siemens,
D5000, and Bruker AXSD8 X-ray powder diffractometers with CuKa radiation (A=1.542A°)
operating at 40 kV and 40 mA. Two-theta scanning parameters were recorded from 5 to 80 °
with a scan mode of 0.03° per second.

3.5.5 Raman Spectroscopy

Raman spectroscopy is also a non-destructive light scattering technique that uses high-
intensity laser light sources to interact with the materials and give Raman-active molecular
vibrations. The energy difference between the incident light and Raman scattered light
(inelastic) is used as a measure of Raman shift (wavenumbers) and representative of a specific
bond vibration in the materials. Raman spectra were recorded using WiITec alpha300 R
Confocal Raman microscope having a thermoelectrically cooled EMCCD (Electron Multiplying
Charge-Coupled Device) detector, and a 532 nm CW (continuous wave) diode laser to illustrate
the characteristic Mo-O and Mo-S vibration for the synthesized catalyst (Paper Il and V).

3.5.6 Temperature Program desorption (TPD) and reduction (TPR)

Ammonia and ethylamine TPD measurements (paper Il, lll, and IV) 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)
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and a mass spectrometer (Hiden 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.

During 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, C;Hs (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 flushing with Ar was 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 in paper IV.

TPR was performed for supported and unsupported catalyst (Paper IV) 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 has
flowed through the sample followed by a temperature increase to 800 °C at a rate of 10
°C/min. The H, peak in the MS was followed to compare H, uptake profiles.

3.5.7 Scanning and Transmission electron microscopy (SEM and TEM)

TEM analysis was performed to understand the dispersion of the Ni-promoted MoS;
crystallites on the employed supports. In the first step, samples were loaded onto a carbon
coated copper grid. The analysis was conducted with an FEI Titan 80-300 TEM (FEl, Inc.)
operating at 300 kV. A high angle annular dark field (HAADF) detector was used to acquire the
scanning TEM (STEM) images and an Oxford X-sight detector was used to perform energy
dispersive X-ray (EDX) analysis. TEM imaging and analysis (TIA) software was used for the
spectrum acquisition and data analysis. Imagel) software was used to measure the Ni-
promoted MoS; slab length and stacking degree. At least 300 slabs were considered to
determine the average slab length and stacking degree shown in the equations below:

n n

il o N

Average slab length = Zln — . Average stack number = #
Xing Xi ni
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Where n; is the number of slabs with length [; and N; is the number of layers in slab i.
Additionally, considering MoS; slabs to have a perfect hexagon shape, the following equation
can be used to determine its dispersion, referred to as, fy,

_ Moedge _ Z:n 6(”1‘ - 1)
Mototal z:n(gnlz - 3ni + 1)

fuo

where Moedge is the Mo atoms at the edges of MoS; slabs, Mool denotes the total number of
Mo atoms and n; the Mo atoms in the edge of one MoS; slab that can be determined from its
length, L=3.2(2n;-1) A, and m is the total number of slabs.

Morphology of the catalysts was further evaluated using SEM with a JEOL 7800F Prime
instrument. High resolution SEM images were used to measure the dispersion of the particles
and their average particle sizes (via Imagel software) using ~200 particles.

3.5.8 Lignin and solid residue characterization

Fourier transform infrared spectroscopy (FTIR) was performed using a Bruker Vertex 70v
spectrometer on Kraft lignin and the lignin derived solid residue was obtained after the
hydrotreatment. The instrument was operated at room temperature in the frequency range
of 400-4000 cm™ having 4 cm™ resolution with 64 scans. The background was subtracted to
eliminate the air contribution. In addition, solid-state cross-polarization (CP) 13C NMR was
performed on them employing a setup having a 4 mm MAS BB/1H probe and a Bruker Advance
11 500 MHz spectrometer. During a typical run, the rotor spinning was set to 10 kHz and the
CP time to 1.5 ms. Furthermore, thermogravimetric analysis (TGA) was performed on Kraft
lignin and solid residues containing catalyst using a Mettler Toledo TGA/DSC 3+ instrument.
The sample was heated to 800 °C at a rate of 10°C min in the presence of air and argon
respectively.
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4 Results and Discussion

This chapter summarizes the work based on the papers appended (1, II, llI, IV, and V) in this
thesis work. Each of these studies involved Mo-based transition metal sulfided catalysts.

In Paper |, a comprehensive literature review has been addressed for the sulfided catalysts in
upgrading renewable feedstocks which will not be discussed further here. Primarily, the
activity of transition metal sulfided catalysts (both in supported and unsupported form), their
roles, and reaction mechanisms were explained in detail while upgrading renewable
feedstocks based on triglycerides, pyrolysis oil, and lignin. In addition, reaction kinetics and
catalysts deactivation aspects are included. Furthermore, the major challenges and potential
areas to focus on for future studies are addressed. In Paper I, typical lignin linkages present
in native/technical lignin (etheric, a-0-4, B-O-4, and carbon-carbon, 5-5’) have been explored
using sulfided NiMo over supports with varying acidities. y-Al,03 and ultrastable-Y zeolites
(USY or Y used synonymously) were used as the support materials. It has been observed that
NiMoS over the USY shows high hydrogenolysis activity for both etheric C-O-C and C-C bonds
present in the model dimers and evolved intermediates that result in high yields of
monoaromatics including BTX, alkylphenols, and cycloalkanes. These results further led us to
investigate the effect of the silica/alumina ratio of USY zeolites as supports for NiMoS in the
hydrotreatment of lignin dimers (Paper lll). The catalytic activity and characterization results
revealed that a moderate silica/alumina ratio of 30 showed a high degree of hydrogenolysis,
hydrocracking and HDO reactions owing to the balanced acidic and deoxygenation sites. In
Paper IV, NiMoS with a silica/alumina ratio of 30 has been exploited for one-pot
hydrotreatment of Kraft lignin in a batch reactor. In addition, dealuminated and desilicated
zeolites were included in this study. To gain further insights, unsupported NiMoS (UNiMoS)
without zeolite was investigated to elucidate the role of zeolites and metal sulfides in
valorizing lignin. In Paper V, lignin and lignin derived bio-oil model compound was studied
further with a highly active MoS; synthesized via a simple hydrothermal method followed by
a thermal annealing treatment.

The results from these papers demonstrate that physicochemical properties of the transition
metal sulfides can be tailored using various supports or varying the synthesis method without
support to obtain catalysts that are highly active for hydrogenolysis, hydrocracking, and
deoxygenation reactions and yield biofuel (rich in cycloalkanes and alkylbenzenes) from lignin
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and lignin derived bio-oil. The following sections discuss the result in detail from each
appended paper excluding Paper I.
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4.1 The role of support acidity on hydrotreating lignin dimers
4.1.1 HDO of benzyl phenyl ether (a-0-4 linkage)

Fig.8 and Scheme 1 show the conversion of BPE and the evolution of the intermediates and
products respectively. Hydrogenolysis, hydrolysis of the Caiiphatic-O bond, and transalkylation
(transfer of benzyl group to ortho, para position) primarily lead to the cleavage of BPE to
toluene, phenol, and benzyl phenols [82]. However, the possible hydrolysis product benzyl
alcohol (see Scheme 1)) was not detected indicating either its rapid disappearance or that it
is an unfavorable route at the employed conditions. With Y-based catalysts, the rapid cleavage
of the aliphatic ether bond leads to faster conversion of BPE. This is likely due to enhanced
rates of transalkylation over NiMoY (NiMo over USY)/NiMoAY (NiMo over equal amounts of
y-alumina and USY-zeolite) than NiMoA (NiMo over y-Al,Os) based on their differences in
acidities [45].
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Fig.8 (a) BPE Conversion and (b) product selectivity during HDO of BPE in the autoclave at 593 K, 5
MPa, and 1000 rpm, DA=deoxygenated aromatics.

Scheme 1 Proposed reaction pathways for HDO of BPE.
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To follow the reaction profiles, products/ intermediates are grouped into phenolics (having
OH groups on a benzene ring), deoxygenated aromatics (DA), and cycloalkanes (fully saturated
benzene ring) for simplicity. Table 1 presents the selectivity of major compounds in each of
these groups.

As shown in Scheme 1 phenol undergoes HDO to form benzene, cyclohexane, and
methylcyclopentane. Methylcyclopentane is formed due to higher isomerization activity over
NiMoY/AY [121]. On the other hand, methylene/ethylene linked (C-C linked) benzyl phenols
undergo HDO over NiMoA to form deoxygenated dimers with partial or full hydrogenation of
the benzene rings while over NiMoY/AY hydrocracking leads to form monoaromatics including
BTX (benzene toluene and xylene). Benzene and toluene are the dominant DA over NiMoY
while for NiMoA they are toluene and deoxygenated dimers. It is evident from Fig.8 (b) that
DA is higher for NiMoY than NiMoA after 360 min which is due to high benzene selectivity.
However, slower HDO over NiMoY/AY shows higher phenolics (monoaromatics) at the end of
360 min of reaction. Also, lower cycloalkanes over Y-based catalysts indicate slower
hydrogenation activity. These led to an overall aromatics selectivity of 85% (monoaromatics)
over NiMoY compared to ~60% (monoaromatics and dimers) over NiMoA.

Table 1 Product selectivities from HDO of BPE after 6 h reaction at 50 bar and 320 °C.

Catalyst Xepe" Carbon Selectivity (%)
(%) balance Cycloalkanes Deoxygenated aromatics (DA) Phenolics
(%)
O/O @ ©/\©/ ' @’ Cresols  Dimers
Others Dimers

NiMoA >99 94 <1 38 1 - 43 - 9 7 - 2
NiMoAY >99 92 2.7 28 3.5 - 44 0.5 5 13 2 0.7
NiMoY >99 87 9.3 <1 4.5 35 22 2 - 18 8 0.4

*Xgpe refers to BPE conversion.
4.1.2 HDO of PPE (f3-O-4 linkage)

Fig.9 presents conversion and reaction profiles during HDO of PPE. Scission of the sp3 C-O bond
in B-O-4 linkages, via three possible pathways (shown in Scheme 2), was found to be favored
in the order NiMoAY>NiMoA>NiMoY (Fig.9a). These pathways produce phenol, ethylbenzene,
and phenethylphenols. Like BPE, transalkylation of the phenethyl group in PPE was found to
be preferred in the order NiMoY>NiMoAY>NiMoA. As a result, initially high amounts of
phenolic dimers, mainly phenethylphenols were formed over NiMoY as shown in Fig.9b. These
dimers now contain stable, recalcitrant B-1 linkages (C-C linkage) as is more common in
technical rather than native lignin [122]. However, as the reaction progresses, these dimers
become cleaved over NiMoY to yield ethylphenol isomers while over NiMoA they become
deoxygenated. Based on the products and intermediates evolution a reaction pathway in
Scheme 2 is presented. It has been observed that over sulfided NiMoY, the enhanced
transalkylation step reduces the amount of alkylbenzene (ethylbenzene) but increases the
benzene formation due to cracking of the transalkylation product (Table 2). This phenomenon
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yields similar overall DA selectivity for NiMoA and NiMoY at the end of 360 min of reaction.
Like for BPE, overall monoaromatics selectivity remains higher (81% vs 49%) over NiMoY
compared to NiMoA.
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Fig.9 (a) PPE conversion and (b) product selectivity during HDO of PPE in the autoclave at 593 K, 5
MPa, and 1000 rpm. DA=deoxygenated aromatics.

Scheme 2 Proposed reaction pathways for HDO of PPE.
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Table 2 Product selectivities from HDO of PPE after 6 h reaction at 50 bar and 320 °C.

Catalyst Xppe" Carbon Selectivity (%)
(%) balance Cycloalkanes Deoxygenated aromatics Phenolics
(%) (DA)
O/O @ ©/©/\ @’ Ethyl-  Dimers
Others Dimers phenols

NiMoA >99 95 - 45 3 - - 48 3 1 -

NiMoAY >99 93 17 16 3 - - 48 3 12.5

NiMoY >99 84 10 - 1.5 14 1 325 2 31 4

*Xppe refers to PPE conversion.

4.1.3 HDO of 2,2’Biphenol

Fig.10 shows the product selectivities during HDO of 2,2’ biphenol over sulfided NiMo
catalysts. It is important to note that for NiMoA, the mass balance was poor for the samples
taken before 180 min of reaction. This might be due to residual reactant remaining in the
sampling line or low solubility of the reactant in dodecane at room temperature. For later
samples, the mass balance was found >90%. Scheme 3 shows possible reaction pathways with
products/intermediates. Fig.10 illustrates that acid catalyzed dehydration dominates and
yields a higher fraction of dibenzofuran (DBF) primarily via intramolecular nucleophilic attack
of the hydroxyl groups in 2,2’ biphenol [64]. For NiMoA this reaction competes with direct
HDO to form o-phenylphenol (OPP). However, further DBF/OPP hydrogenation and C-O
cleavage of tetrahydro-dibenzofuran (THDBF) produce 2-cyclohexylphenol (CHPOH). A small
amount of biphenyl (BP) has been observed indicating DDO of OPP. Further hydrogenation of
BP can yield cyclohexylbenzene (CHB). However, CHPOH a dominant intermediate undergoes
HDO, hydrocracking, and HYD routes to yield CHB, cyclohexane, phenol, and several C-C
dimers (36%) including bicyclohexane (BCH) and cyclopentyl-cyclohexylmethane (CPMCH) as
the final products (Table 3). This observation is consistent with previous studies of
dibenzofuran HDO over sulfided NiMoA [123]. Analogous products have been reported for
DBF HDO over Pt-based acid-base catalysts [124-127].

As shown in Fig.10, for NiMoY conversion of 2,2’ Biphenol to DBF is very fast and favored over
DDO. However, further conversion of DBF seems low and relatively faster over NiMoY than
NiMoAY. As the C-O bond in DBF is cleaved, intermediates formed undergo acid induced rapid
cracking to vyield phenol and cyclohexane. Isomerization of cyclohexane produces
methylcyclopentane as the final product. Interestingly, no other C-C dimers were detected.
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Fig.10 Product selectivities during HDO of 2,2’ Biphenol over NiMoA, NiMoAY, and NiMoY.

Scheme 3 Proposed reaction pathways during HDO of 2,2’ biphenol.
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Table 3 Product selectivities from HDO of 2,2’ biphenol after 6 h of reaction at 5 MPa and 593 K.

Catalyst Xs.5" C-balance (%) Selectivity (%)

(%)

:0: @OH O O/ Dimers

NiMoA 91 95 36 <1 36
NiMoAY >99 94 59 2 - 39 -
NiMoY >99 96 44 13 - 43 -

*Xs.z refers to 2,2’ biphenol conversion.
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4.1.4 Catalyst Characterization

Metal loadings on the synthesized and spent catalyst verified by ICP-MS are shown in Table 4.
Leaching of Ni and Mo after the activity test can be ruled out as the Ni/(Ni+Mo) ratio was
found to be consistent.

Table 4 ICP data-metal contents on synthesized and spent catalysts.

Catalyst As-synthesized After BPE test After PPE test After 5-5’ test
Mo Ni Si/Al Ni/ Si/Al Ni/ Si/Al Ni/ Si/Al Ni/
(wt.%)  (wt.%) (Ni+Mo) (Ni+Mo) (Ni+Mo) (Ni+Mo)
Y - - 15.0" - - - - - - -
NiMoA 13.3 4.6 -- 0.26 -- 0.28 - 0.26 -- 0.24
NiMoAY 12.3 4.4 0.6 0.27 0.71 0.27 0.65 0.27 0.62 0.26
NiMoY 13.2 4.8 16.5 0.27 13.5 0.27 13.3 0.28 16.4 0.28

*From Zeolyst international

Ethylamine TPD results are shown in Fig.11 and Table 5. Adsorption of ethylamine on a
Brgnsted acid site forms an ethylammonium ion. The Hoffman elimination reaction of this
complex during desorption produces ethylene and NHs. The ethylene concentration was
followed to measure the Brgnsted acidity of the catalyst and desorbed ethylamine to quantify
the Lewis acidity of the catalyst [128]. Fig.11 shows a strong desorption peak of ethylene at
about 502 °C for NiMoY/NiMoAY while for NiMoA it is observed at about 430 °C. This
discrepancy can be due to the strength of the Brgnsted acidity present in them or due to
diffusion limitations [129]. As shown in Table 5 Brgnsted acidity was found to increase with
an increasing fraction of Y zeolite. Also, differences in Lewis acidity among the three catalysts
are smaller and contribute to 5-10% of the total acidity of the catalysts.

Table 5. The acidity of the synthesized catalysts.

Catalyst Brgnsted acidity Lewis acidity
(umol g (umol g™)
NiMoY 401 22
NiMoAY 370 25
NiMoA 258 30
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Fig.11 The relative intensity of ethylene and ethylamine during desorption of ethylamine-TPD.

The XRD patterns in Fig.12 show well dispersed Ni and Mo over the catalysts since no distinct
diffraction peak of NiO or MoOs crystallites were observed. Nevertheless, peak shifting (inset
in the right corner) to lower diffraction angles for NiMoY indicate compressive strain
development due to pore blockage or a change in the composition in the structure [130]. In
addition, the lower intensity of the impregnated catalyst represents a lower crystallinity of the

zeolite framework [131].
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Fig.12 XRD pattern of synthesized catalysts, parent USY, and y-Al,0s.
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N2 physisorption data in Table 6 shows the pore blocking after impregnation of the metal Ni
and Mo. Average pore sizes (pore volume and pore diameter) and surface area of the
recovered catalysts reduced to a significant degree indicating extraneous deposition on the
catalytic surfaces. For example, a 30-45 % reduction in the surface areas was observed for the
recovered NiMoY/NiMoAY tested with lignin dimers whereas it is only around 8-20% for
recovered NiMoA.

Table 6 N, Physisorption data for fresh and spent catalysts.
Catalyst As synthesized After BPE test After PPE test After 5-5’ test
Sa Vp dp Sa Vp dp Sa Vp dp Sa Vp dp
v-Al0s 199 048 97.6

usy 763 0.25 633
NiMoA 139 031 876 111 018 849 119 020 79.1 128 0.26 78
NiMoAY 270 0.26 719 163 0.18 438 148 0.19 518 175 0.23 519

NiMoY 412 020 531 291 020 27.6 246 0.20 319 - - -

Sa =BET surface area (m?/g), V, = Pore volume (cm3/g), d, = Average pore sizes for mesopores (A)

Elemental analysis (Table 7) revealed higher carbon deposition on NiMoY and NiMoAY
surfaces compared to NiMoA. This contributes to the catalyst deactivation by reducing the
number of active sites. This can be due to the higher concentration of Brgnsted acidic sites
over NiMoY/AY which leads to undesirable reactions (e.g., condensation, polymerization, etc.)
of adsorbed coke precursors (e.g., phenolics/aromatics) formed during the reaction. C
contents are slightly higher for PPE-treated NiMoY/AY. This might be due to higher diffusion
resistance of larger PPE than other model compounds leading to the formation of a large
surface phenolics pool resulting in coking reactions. Changes in H content for all catalysts are
negligible while for S there is a minor decrease in the recovered catalysts.

Table 7 Elemental contents of carbon, hydrogen, and sulfur on the freshly sulfided and spent catalysts.
Catalyst Freshly Sulfided After BPE test After PPE test After 5-5’ test
C H S c* H S c* H S c* H S
NiMoA 0.4 1.3 8.8 0.98 0.8 7.7 2.1 0.7 8.2 2.7 0.5 8.3

NiMoAY -- -- 8.3 2.1 1.5 6.2 4.0 0.6 7.8 3.7 0.4 7.0

NiMoY 1,0 0.9 9.8 6.5 1.6 7.1 7.9 0.5 8.9 6.7 0.5 7.0

*C values for catalysts after reactions tests are in (g carbon)/(g catalyst)/(mol of feed converted to deoxygenated products).
All other values are in wt. % including C in sulfide catalyst.

Raman spectra for the synthesized catalysts are shown in Fig.13. The characteristic peak
appearing at 953 cm™ indicates the symmetric stretching vibration of Mo=0 in octahedrally
coordinated Mo oxide species that are reported to interact weakly with the support and
enhance reducibility and activity of the catalyst [132]. Other characteristic peaks at 995 cm™,
900 cm™ and 825 cm™ signify the presence of bulk MoOs phases, less active or inactive
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tetrahedrally coordinated Mo oxide species, and Mo-O-Mo vibration (presence of
polymerized Mo oxides). It is apparent from Fig.13 that more active Mo oxide species shall be
accessible for the case of NiMoY/AY due to the less bulk MoOs.

Octahedrally coordinated Mo oxide
A

.| Tetrahedrally coordinated

Bulk MoO, Mo oxide

g A Multilayer Mo oxide
: : A

NiMoY

Intensity (a.u.)
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Fig.13 Raman spectra of the synthesized catalyst.

Ni2p and Mo3d core level XPS spectra are shown in Fig.14. Deconvolution based on Cls
revealed Mo 3d fitting values are Mo**: 228.7+0.1 eV for Mo 3ds;; and 231.9+0.1 eV for
Mo3d1/; and Mo*® : 232.240.1 eV for Mo 3ds/> and 235.440.1 eV for Mo3d1/>. Similarly, Ni2p
values of 852.8+0.1, 854.3+0.1, and 856+0.2 eV portray the presence of NiSx, NiMoS, and Ni*?
species. The relative contribution of phases in Table 8 (for NiMoY and NiMoA) shows that Mo
sulfidation seems similar on both catalysts but for NiMoY, MoS; slabs are surrounded by more
Ni atoms representing the active NiMoS phase to a slightly better extent [133].

Table 8. XPS and TEM characterization of the metal sulfides.

Catalyst Mo Sulfidation (%) Ni Sulfidation (%) Slab length (nm) Stacking fmo
Mo** NiSx NiMoS Ni2*

NiMoA 84 16 54 30 4.7 3.8 0.22

NiMoY 82 8 61 31 4.1 4.2 0.27

The morphologies of the Ni-promoted MoS; play a key role in defining activity and selectivity.
Based on 300 MoS; crystallites, analysis of several HRTEM images (one shown in Fig.15)
reveals slightly shorter slab length and higher stacking (Table 8) of MoS; slabs. This difference
increases the dispersion (fu.) of the NiMoS phase over NiMoY which implies more edge and
corner sites of Mo atoms would be accessible for the incoming reactants/ intermediates.
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Fig.14 Core level XPS spectra of Ni2p and Mo3d for NiMoA and NiMoY.

Fig.15 Characteristic HRTEM images of NiMoA and NiMoY: insets showing the differences in slab
distribution

4.1.5 Catalytic properties related to the activity

The catalyst characterization results via TEM, Raman, and XPS discussed above suggest
enhanced dispersion and a more active NiMoS phase over NiMoY. Together with a higher
concentration of Brgnsted acidity, NiMoY showed improved scission of the aliphatic C-O
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linkage in BPE. With moderate Brgnsted acidity, NiMoAY showed faster hydrogenolysis of C-
O in both BPE and PPE (Fig.8(a) and Fig.9(a)). This is mainly due to the dominant acid catalyzed
transalkylation reaction in BPE and PPE leading to the formation of recalcitrant
methylene/ethylene (i.e., C-C) linked phenolic dimers (Fig.8 (c) and Fig.9(c)). The acid
catalyzed dehydration is also dominant over NiMoY/AY for 2,2’-biphenol to DBF. However, the
proximity of the active phase and Bronsted acidity over NiMoY was found to be able to break
the intermediate C-C dimers effectively. BPE, PPE, and 2,2’-biphenol derived C-C dimers
undergo substantial cracking over NiMoY mainly to yield monoaromatics. In addition, methyl
cyclopentane was preferred over NiMoY for all the feeds which implies its higher isomerization
activity. Furthermore, low hydrogenation/deoxygenation activity over Y based supports yields
more phenolics at the end of the 6 h reaction period which could arise due to 1) stronger
adsorption of oxygenates and phenolics on the zeolite surface creating a surface pool of these
species, (2) inaccessibility of acidic sites in smaller micropores, (3) the longer diffusion distance
between the metallic and acidic sites, i.e. poorer proximity of the active sites especially for the
micropores of the zeolite, (4) different morphologies of metal sulfides inside the zeolite
micropores [92, 134].

Fig.16 shows the comparison of intermediate dimers formed and consumed via

transalkylation/HDO/hydrogenation/hydrocracking for BPE and PPE feed over NiMoA/NiMoY
surfaces.
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Fig.16 (a) The yield of the intermediate phenolic dimers, benzyl phenols, from BPE and 2-
phenylehtylphenols from PPE (b) deoxygenated dimers from BPE and PPE

The formation of BPE-derived benzyl phenols and PPE-derived 2-phenylethylphenol dimers
over NiMoY displays the plausible diffusion limitation mostly for the latter compound. Benzyl
phenols are initially higher and are cracked/deoxygenated rapidly whereas 2-
phenylethylphenol gives a maximum yield after 3 h (NiMoY) of reaction before being cracked/
deoxygenated. Low conversion of such intermediate phenolics can impose pore mouth
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blockage and the build-up of a surface phenolics pool favoring undesirable side reactions for
coking. It is evident from Fig.16(b) that deoxygenated dimers increase rapidly for both BPE
and PPE over NiMoA while for NiMoY there is a remarkable difference. For BPE dimers cracking
starts rapidly after 60 min of reaction time while for PPE it continues to increase but at a lower
rate than NiMoA implying hydrocracking. This again infers the influence of diffusion
limitations.

It is clear from the above discussion that NiMoY can efficiently cleave both C-O and
recombined C-C linkages during HDO of lignin dimers (BPE and PPE) whereas for NiMoA the
yield of C-C dimers increases with time. In addition, the cleavage of recalcitrant 5,5’ linkages
show the potential of NiMoY for the upgrading of technical lignin (e.g., Kraft lignin). Indeed, a
tradeoff between the Brgnsted acid sites (BAS), deoxygenation sites, and pore accessibility are
inevitably needed to augment catalytic performance.
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4.2 Effect of silica/alumina ratio on the hydrotreatment of lignin dimers over NiMoS-USY

In this study, NiMo sulfide over a series of ultra-stable Y zeolite (USY) with varying
silica/alumina (SAR) ratios (12, 30, and 80) has been investigated further to elucidate their role
on lignin dimer hydrotreatment. 2-phenylethyl phenyl ether (PPE), 4,4’ dihydroxy
diphenylmethane (DHDPM), and 2-phenyl phenol (2PP) has been used as the model lignin
dimers. The resulting catalysts are acronym as NiMoY12, NiMoY30, and NiMoY80 where YXX
represents the corresponding SAR of USY.

4.2.1 HDO of 2-phenylethyl phenyl ether (PPE)

As can be seen in Fig.17 (a), PPE conversion reaches ~100% for NiMoY30 in 120 min while for
NiMo on the other Y zeolites it takes 180 min. Without the sulfided NiMo catalyst, Y30 gives
only 85% of PPE conversion after 360 min of hydrotreatment yielding ~51% of the phenolic
dimer (not shown). In all cases, hydrogenolysis of PPE primarily yields phenol, ethylbenzene,
and phenolic dimers (see Scheme 1) [45, 135]. Based on the initial rate of reaction measured
in Table 9, it is evident that the rate of transalkylation dominates over Y30 while for NiMo
based catalysts direct C-O cleavage to phenol and ethylbenzene prevails. The turnover
frequency based on the total acidic sites at 35 minutes for NiMo impregnated catalysts
reaches a value, five times higher than Y30. Increasing the overall acidity of the catalyst with
decreasing silica/alumina ratio was found to increase the initial rate of direct C-O cleavage.
The initial transalkylation rate is higher for NiMoY12/NiMoY30 than NiMoY80 giving rise to a
higher initial phenolic dimer yield as can be seen in Fig.17(b).

Fig.17 (b) shows the yield of phenolic dimers decreases as the reaction progresses. This is due
to the cleavage of B-1, C-C linkages between the phenolic dimers leading to the formation of
alkylphenols. The cleavage is higher for NiMoY30. Alkylphenols thus formed via C-O
hydrogenolysis and C-C hydrocracking undergoes hydrodeoxygenation/hydrogenation
reactions to yield deoxygenated aromatics and cycloalkanes. It is worth mentioning that some
phenolic dimers can undergo HDO reactions to yield bibenzyl (<5%).

From Fig.17, it is clear that benzene (B), toluene (T) and ethylbenzene (EB), and cycloalkane
yields increase faster over NiMoY30 especially when PPE is fully converted. This is mainly due
to higher C-O and C-C cleavage owing to its moderate acidity, better pore accessibility of the
reactants/intermediates, and a higher dispersion of Ni-promoted MoS; slabs (described in
section 4.2.4). It is also evident that the highly acidic catalyst with the highest Brgnsted acidic
site (BAS) density, NiMoY12 influences only the initial rate of reactions. Slower hydrocracking
of phenolic dimers and lower deoxygenation over NiMo12 can be attributed to diffusion
limitations (due to smaller pore sizes) and relatively lower dispersion of the active phases. On
the other hand, NiMoY80 being the least acidic catalyst shows even lower hydrocracking
ability for PPE-derived dimers but yields HDO products analogous to NiMoY12 which
demonstrates the importance of pore accessibility and external surface area to access the
deoxygenation sites. Based on these results, it is apparent that a suitable balance between
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acidic sites and deoxygenation sites and their accessibility is crucial to harmonize the cleavage
of etheric and C-C bonds in PPE and PPE derived dimers.

Table 9 Initial rate of reaction, TOF, and transalkylation rate measured at 35 minutes for 2-phenethyl
phenyl ether (PPE).

Catalvst Initial rate of (Cp-0-4) cleavage in PPE, Initial rate of
¥ mmol g h? TOF35 (h?) trans-alkylation, mmol g* h!
Y30 8.4 20 15
NiMoY12 78 114 24
NiMoY30 61 106 26
NiMoY80 50 104 14
?100 - (a) - a a 40 (b = NiMoY12 ® NiMoY30 m NiMoY80 _|
x Conversion ( )
= 80 - = NiMoY12 _ .
% = NiMoY30 1~ 30 S ]
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Fig.17 Effect of SAR on the cleavage of PPE over NiMoS-USY zeolites. The time- profile of PPE
conversion and yields of product groups at 345 °C, 50 bar, and 1000 rpm are shown.

4.2.2 HDO of 4,4 Dihydroxy diphenylmethane (DHDPM)

To further understand the effect of SAR, a methylene-linked phenolic dimer, 4,4-dihydroxy
diphenylmethane (DHDPM) has been investigated using the high SAR catalysts, NiMoY30 and
NiMoY80. The results are shown in Fig.18 with a simplified reaction Scheme 4 based on the
evolution of products and intermediates. It is evident from the GC-MS spectra (Fig.19) that
the cleavage of Csps-Csp2 bonds in DHDPM was completed in about 35 minutes over NiMoY30.
The primary cleavage products consist of phenols and cresols with a very high yield (>90%) as
can be seen in Fig.18. Suai et al. [78] observed similar products while investigating cleavage of
-CHz- linked C-C model dimers over CoS,. A small variation in the initial conversion over
NiMoY30 and NiMoY80 signifies that differences in their acid site densities and strengths have
little influence on the cleavage of DHDPM however, discrepancies in the final HDO products
prevail. Mono/alkylphenol undergoes deoxygenation/hydrogenation reactions to vyield a
mixture of cycloalkanes and BTX. The higher yield of monocyclics is due to early cleavage of
DHDPM and prolonged reaction time for the intermediates to facilitate the hydrogenation of
the deoxygenated aromatics under the reaction conditions.
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Scheme 4 A proposed reaction scheme during HDO of DHDPM over NiMoS-USY zeolites.
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Fig.18 (a) NiMoY30 conversion and yield of products and intermediates during HDO of DHDPM in an
autoclave at 345 °C, 50 bar, and 1000 rpm, (b) comparison between NiMoY30 and NiMoY80 final
conversion and yield of products.
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Fig.19 Observed phenol and cresols after 35 min of hydrotreatment of DHDPM at 345 °C, 50 bar, and
1000 rpm over NiMoY30.

4.2.3 HDO of 2-phenylphenol (2PP)

The catalysts were further evaluated with 2PP having recalcitrant 5-5’ linkages as present in
lignin. Fig.20 illustrates the conversion of 2PP and the evolution of reaction intermediates and
products. Based on the identified products/intermediates via GC-MS spectra (shown in Fig.21)
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a proposed reaction scheme 5 is also shown. The conversion of 2PP is slow, reaching a value
of ~90% over NiMoY30 after 360 min. At the beginning of the reaction, 2PP isomerizes to form
3-phenylphenol (3PP) and 4-phenylphenol (4PP) which deoxygenates to form biphenyl (BP) as
the reaction progresses. The subsequent hydrogenation of BP yields phenylcyclohexene
(CHEB), cyclohexylbenzene (CHB), cyclopentylmethylbenzene (CPMB). CHEB and CHB were
present in low quantities indicating their faster conversion to CPMB. Finally, CPMB
decomposes to yield benzene (B) and methylcyclopentane (MCP). The product spectrum
obtained is consistent with previous studies over Pt and NiMo containing catalysts [63, 124-
126]. However, the difference is the formation of a higher yield of benzene and MCP (shown
in Fig.21). Like the other feedstocks, NiMo with SAR of 30 shows higher conversion and higher
yield of deoxygenated fractions. NiMoY12, on the other hand, shows the least conversion,
HDO, and hydrocracking reactions. The intermediate results for NiMoY80 infer that apart from
high surface acid site density, proximity and accessibility of the acid and deoxygenation sites
are also important to aid the desired reactions. With its high surface acid site density,
NiMoY12 was found to isomerize 2PP to 3PP hastily, while for NiMoY80, having more
mesopores and external surface and slightly better NiMoS dispersion, conversion of
phenylphenols progresses faster. These results demonstrate that a direct cleave of 5-5’
linkages is unfavored, but it rather proceeds through a cascade of HDO, hydrogenation, and
C-C hydrogenolysis reactions.
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Fig.20 Effect of SAR on the cleavage of 2PP over NiMoS-USY. Reaction conditions: 345 °C, 50 bar, and
1000rpm.

38



Scheme 5 A proposed reaction scheme for the cleavage of 2PP over NiMoS-USY zeolites.
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Fig.21 GC-MS spectra showing products/intermediates after 360 min of hydrotreatment of 2PP over
NiMoY30.

4.2.4 Catalyst Characterization

The nitrogen physisorption data of the synthesized/sulfided catalysts are shown in Fig.22 and
Table 10. As the SAR ratio increases, an increase in the total/external BET surface area and
mesopore volume of the zeolite materials was observed. Variable pore blockage has been
noticed for all the supports due to the impregnation of Ni and Mo. Total acidity and Brgnsted
acidity of the synthesized catalyst were measured via NH3 and ethylamine-TPD respectively.
As expected, both acidities decrease with increasing SAR ratio due to dealumination. Based
on the deconvolution (Fig.23) of NH3z desorption peaks, it is evident that Y30 shows a higher
fraction (55%) of stronger acid sites, desorbing NH3 above 400 °C, than Y12 (40%) and Y80
(37%). Impregnation of NiMo shows a significant reduction of these stronger acidic sites and
a corresponding increase of the moderate strength acid sites (54-61%) in the desorption
temperature region of 250-400 °C. As can be seen in Table 11, impregnated catalysts show
lower BAS site densities probably due to metal-acid exchange.
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Table 10 Textural properties of the synthesized and sulfided catalysts, where the elemental
composition is measured by ICP-SFMS and elemental analysis.

Catalyst Elemental composition, wt. % N2 physisorption

Sa, total Sa,external Vp,total (Vp,meso) dp

Si02/Al,05° Mo Ni S m?/g m?/g cm3/g A
Y12 12 - - - 670 136 0.46 (0.20) 47.7
NiMoY12 - 12.8 49 8.6 291 87 0.26 (0.16) 373
Y30 30 - - - 808 244 0.53 (0.27) 46.9
NiMoY30 - 12.4 4.6 9.8 435 96 0.33(0.18) 443
Y80 80 - - - 815 298 0.54 (0.30) 41.0
NiMoY80 - 13.4 4.5 9.8 462 164 0.33(0.20) 38.6

Sa=BET surface area, V, = Pore volume, d, = Average pore sizes for mesopores, b= given by Zeolyst international.
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Fig.22 N, physisorption data of the Y zeolites and NiMo impregnated Y zeolites.

Sulfided catalysts were analyzed via XPS to illustrate their oxidation state. Analysis of the
Mo3d, Ni2p and S2p core level spectra (shown in Fig.24a-c) demonstrates the presence of
metal sulfide species Deconvoltuion reveals the existence of Mo as Mo*" (228.6 + 0.1 eV,
MoS3), Mo* (229.7 + 0.1 eV, Mo-oxysulfides), and Mo®* (232.2 + 0.1 eV) species, Ni as NiSx
(852.8 + 0.1 eV), NiMoS (854.3 + 0.1 eV), and Ni?* (856 + 0.2 eV) [1]. Sulfur exists as elemental
sulfur (S2s peak in Mo3d) and as metal sulfides (characteristic doublet at 161.5+ 0.2 and 162.7
+0.2 eV). Overall Mo is mostly present as Mo** with little variation among the catalysts (Table
12). TEM analysis (Fig. 24d) revealed the presence of Ni-promoted MoS; slabs with 0.62 nm
of interlayer distance [110]. Shorter average slab length and analogous stacking of promoted
MoS: slabs led to the formation of slightly higher Mo dispersion over NiMoY30.
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Table 11 Distribution of acid sites measured from the desorption of NHs-TPD. The Brgnsted acidity was
measured using C;HsNH,-TPD.
Brgnsted acidity

Total acidity
Catalyst (NHs-TPD) Relative acidity (%) * (C2HsNH,-TPD)
(umol g?) <250°C  250-400 °C >400 °C (umol g)

Y12 684 23 37 40 549
NiMoY12 686 38 54 8 368

Y30 415 18 27 55 386
NiMoY30 571 34 61 5 324

Y80 242 27 36 37 221
NiMoY80 477 38 59 3 202

* Relative acidities are based on the total acidity of each catalyst.
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Fig.23 Deconvolution of NH; desorption observed during TPD experiments, (a) USY zeolites (b) NiMo-
impregnated USY.

Table 12 XPS and TEM characterization of the metal sulfides.

Catalyst Mo Sulfidation (%) Average
Average Slab . .
Stack MoS: dispersion(fwo)
length (nm)
number
M04+ M05+ M06+
NiMoY12 82 11 7 4.8 4.0 0.23
NiMoY30 75 14 11 4.2 4.0 0.26
NiMoY80 77 11 12 4.6 3.8 0.24
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Fig.24 Deconvolution of XPS core level (a) Mo3d, (b) Ni2P, (c) S2P spectra for NiMoY12, NiMoY30,
and NiMoY80, (d) HR-TEM images of Ni promoted MoS; over ultra-stable Y zeolites.
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4.3 Elucidating the role of NiMoS-USY during the hydrotreatment of Kraft lignin

It has been demonstrated that NiMo sulfides over Y zeolites show enhanced cleavage of C-O-
Cand C-Cin lignin dimers. As discussed in the above sections it is due to the interaction effect
of sulfide phases and acidic sites of the resulting catalyst. With this information, the focus of
this study is to elucidate their role while upgrading a more complex feedstock, Kraft lignin by
a one-pot hydrotreatment process. To examine their role, additional experiments were
performed using unsupported metal sulfides and Y zeolites as a physical mixture containing
the same amount of metallic sites and acidic sites as in impregnated catalyst. Furthermore,
the effect of dealumination and desilication of Y zeolites have been investigated for NiMo
impregnated catalysts in valorizing lignin.

4.3.1 Hydrotreatment using impregnated NiMoS over ultra-stable Y zeolites

Fig.25 shows the yield of liquid-phase products and solid residue after the hydrotreatment of
Kraft lignin in a batch reactor at 400 °C, 35 bar of H2 (25 °C), 1000 rpm for 5h. Without a catalyst
(blank), thermal depolymerization under the hydrogen atmosphere occurs, where
repolymerization/coupling reactions dominate leading to the formation of a high solid residue
yield after 5 h of hydrotreatment with a low liquid yield (~18 wt.%). The introduction of Y
zeolites reduces these undesirable reactions slightly with Y80, whereas for Y30 solid residue
yield is reduced by 20%, giving rise to a liquid yield of ~21 wt.%. For sulfided NiMo impregnated
zeolites (either dealuminated or desilicated), the repolymerization reactions were suppressed
significantly. NiMoY30 shows a notable liquid yield of 30.5 wt.% with the lowest solid residue
yield compared to the other impregnated catalysts in Fig.25. It is important to mention that
NiMoY150 and NiMoY200 were obtained via dealumination of Y80 and subsequent
impregnation of metals. To elucidate the effect of diffusion limitations, Y80 was also
desilicated (see Section 3.1) producing catalyst NiMoDY80. For the dealuminated catalysts
(Fig.25) liquid yield drops, while solids residue yields increase slightly due to the loss of acidity.
For desilicated NiMoDY80 (NiMo impregnated over desilicated Y80) there is only a small
variation in the liquid and solid residue yields. These results directed us to investigate further
the role of NiMoS when impregnated over Y zeolites, especially Y30. To enable this,
unsupported UNiMoS was synthesized hydrothermally and used as a stand-alone catalyst and
in combination with Y30 as a physical mixture.
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Fig.25 The yield of liquid-phase products and solid residue after the hydrotreatment of Kraft lignin
over sulfided NiMo, Y zeolites and in absence of catalyst (blank) at 400 °C, 35 bar H, (@25°C), and
1000 rpm for 5h.

4.3.2 Role of NiMoS and Y30 in Kraft lignin hydrotreatment

Fig.26 shows an example of a 2D GC x GC-MS image used to identify and quantify the groups
of products from the hydrotreatment of Kraft lignin. Deoxygenated products include
cycloalkanes, alkylbenzenes, Indans/Naphthalenes/Biphenyls, and polycyclic aromatics
(mainly three or higher ring hydrocarbons). Oxygenated products are grouped as ‘phenols’
and ‘other oxygenates’ and include primarily aldehydes, ketones, and alcohols.

Fig.26 GC x GC 2D chromatogram of the liquid phase products evolved from the hydrotreatment of
Kraft lignin.
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Table 13 and Fig.27 show the yield and selectivity of liquid products after 5h hydrotreatment
of Kraft lignin in an autoclave reactor. As can be seen, an equivalent amount of UNiMoS as in
sulfided NiMoY30 gives a liquid yield of 23.5%, which is lower than NiMoY30 while for the
physical mixture, UNiMoS+Y30 the vyield is close to that of NiMoY30. However, the yield of
solid residue for the UNiMoS reached 25.2 wt.% whereas for the physical mixture it drops to
a low value of 16.7 wt.% after 5 h. Lower solid residue for the physical mixture implies that
more active sites are accessible by the lignin fragments/radicals ( e.g., phenoxyl, methoxy,
methyl, etc.) to undergo stabilization [136]. It also infers that acidic sites of the zeolite and
hydrogenation/ deoxygenation sites of NiMo are a good combination to stabilize fragments
and/or to convert them and their initial products to other products than solid residue.
Furthermore, it also indicates that when impregnated active sites (NiMoS) and acidic sites are
less accessible, it results in a higher solid residue for the impregnated NiMoY30. It is
noteworthy to mention that NiMoY30 (impregnated) and UNiMoS+Y30 (physical mixture)
have the same amount of metals and acidic sites despite their differences in morphology and
dispersion (discussed in section 4.3.3)

Table 13 Yield and selectivity of products from the hydrotreatment of Kraft lignin over sulfided NiMo
and USY zeolite at 400 °C, 35 bar H, (@25°C), and 1000 rpm for 5h.

Liquid Solid
Catalyst Yield. Liquid product selectivity. % residue.
wt. % wt. %
Cycloalkanes/ Indans/Napthalenes/  Polycyclic Other
Phenols . .
Alkylbenzenes Biphenyls aromatics  oxygenates
Blank 18.2 10 60 5 13 13 47
Y80 18.2 10 60 5 13 13 44.4
Y30 21.2 29 47 10 10 4 37.1
NiMoY30 30.5 61 1 27 9 2 23.8
UNiMoS 23.5 42 25 8 24 2 25.2
UNiMoS +Y30 29.1 30 27 20 21 2 16.7
NiMoY30* 38.9 79 0 14.5 4.9 1.5 16.4

*extending residence time to 8 h and decreasing lignin catalyst ratio from 3:1 to 2:1.

These experiments with unsupported catalysts reinstate that acidity of the support can also
play a key role in fragment stabilization and further upgrading steps. However, high liquid yield
with NiMoY30 compared to others in Table 13 can be ascribed to the surface proximity of Ni-
promoted MoS; and acidic sites when impregnated. This lowers the diffusion distance for the
stabilized fragments for further deoxygenation, isomerization, and hydrocracking reactions.

Thermal depolymerization without catalyst shows high selectivity for the formation of
alkylphenols. With Y30, an increase in the cycloalkane and alkylbenzene selectivity has been
noticed. Impregnated NiMoY30 shows a noteworthy, 61% selectivity for the cycloalkane and
alkylbenzene fraction. UNiMoS and the physical mixture show a clear drop in the selectivity
for this fraction, however at the expense of higher selectivity for phenols compared to
NiMoY30. An extended 8h reaction with higher catalyst loading for NiMoY30 showed a
remarkable monocyclic and alkylbenzene selectivity of 79% with an overall liquid yield of 38.9
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wt.% and a solid residue yield of 16.4 wt.%. Interestingly, the formation of polycyclic aromatics
is lower over NiMoY30 than the physical mixture showing further the importance of the
proximity of actives sites. This could also be due to the hydrocracking reaction facilitated by
the Brgnsted acidic sites [137].
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Fig.27 Liquid phase product selectivity for the hydrotreatment of Kraft lignin in absence of catalyst
(Blank) and over NiMo and Y-zeolite catalysts at 400 °C, 35 bar of H, (@25°C), and 1000 rpm.
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4.3.3 Catalyst characterization

The N, physisorption data are shown in Table 14. Dealumination of Y80 via oxalic acid and
desilication via PDA-assisted NaOH shows a corresponding increase in the mesopore sizes,
their volumes, and external surface areas. Such an increment can aid large lignin fragments to
reach active sites. Indeed, a small decrease in the polycyclic aromatic product selectivity was
observed for NiMo impregnated over dealuminated/desilicated USY with a corresponding
increase in the phenols/cycloalkane/alkylbenzene selectivity (Table 13). NiMoY30 showed a
high BET surface area with an average mesopore size of 4.4 nm. Hydrothermally synthesized
UNiMoS shows a low BET surface area with larger average mesopores of 11.5 nm. ICP-MS
analysis shows Mo and Ni loading remains in the range of 12-13 wt.% and 3.7-4.5 wt.%
respectively giving rise to a Ni/(Ni+Mo) molar ratio of 0.33-0.37. For unsupported catalysts,
this ratio was maintained at 0.5.

The acidity of the catalysts is shown in Table 15. NiMo impregnated Y zeolites showed a higher
acidic fraction than the parent Y zeolites. Deconvolution of the NH3 desorption peak shows
that the total acidity fraction above 250 °C decreases with increasing SAR while the acidity
fraction below 250 °C follows the opposite trend. This implies that high SAR catalysts are
composed of fewer stronger acidic sites in addition to their low total acidity. As can be seen
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from Fig.28a a good correlation between the overall/Brgnsted acidities and liquid product
yield can be observed.

Table 14 Composition and textural properties of the synthesized and sulfided catalysts.

Catalyst Elemental composition. wt. % N2 physisorption

Sa. Sa. Vp,total dp

total external (Vp,meso)

Si02/Al,0s® Mo Ni Atomic ratio m?/g  m?/g cmi/g A
Ni/(Ni+Mo)

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 - 13.0 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 - 12.4 3.7 0.33 344 213 0.40(0.34) 50.3
UNiMoS - - - 0.50 49 49 0.22 115.2

Sa=BET surface area. V, = Pore volume. dp = Average pore sizes for mesopores. b= measured by ICP-SFMS.

Table 15 Total acidity and Brgnsted acidity of the synthesized catalysts measured by NH;3 and
ethylamine temperature-programmed desorption.

Catalyst Total acidity(NHs-TPD) Relative acidity (%) * Brgnsted acidity (C2HsNH2-

TPD)
(umol g1) <250°C > 250 °C (umol g
Y30 478 - - 386
NiMoY30 608 52 48 300
Y80 248 - - 221
NiMoY80 424 59 41 217
NiMoY150 397 77 23 123
NiMoY200 348 - - 102
NiMoYDY80 515 64 36 222
UNiMoS 158 - - -

*Relative acidities are based on the total acidity of each catalyst.

Based on the product spectrum in Fig.27 it is evident that greater quantities of acidic sites
promote lignin depolymerization, isomerization/transalkylation, hydrocracking, and
dehydration reactions that combinedly increase the yield of alkylbenzene and monocyclic and
lower the yield of polycyclic. The solid residue yield does not correlate well to the differences
in the acidities of the catalysts (Fig.28b). However, a strong correlation has been observed for
the liquid product yield and the meso/micro pore volume ratio of NiMo impregnated
dealuminated USY zeolites (Fig.28c).
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Fig.28 Correlation of the total and Brgnsted acidity of the catalyst to the (a) yield of liquid product
and (b) yield of solid residue and (c) correlation of the textural properties of the catalyst to the yield
of liquid products after the hydrotreatment of Kraft lignin over NiMo impregnated Y zeolites. Dashed

lines indicate linear correlations along with their coefficients of determination (R2-values).

The XRD pattern of the sulfided NiMoS over the zeolites (Fig.29a) primarily showed reflections
from the parent zeolite demonstrating that the NiMo phases are well dispersed, or the phases
are of low crystallinity. Unsupported UNiMoS shows weak reflections at 26 values of 14°,
49.5°, and 59° indicating the presence of (002), (105), and (103) planes of hexagonal MoS;
(Fig.29b). Additional peaks at 27.3°, 31.5°, 35.3°, 38.7°, 45.3°, 53,6°, 58.7° shows the
characteristic (111), (200), (210), (211), (220) and (311) and (230) planes of NiS2 [25, 138-140].
This demonstrates unsupported UNiMoS is composed of both NiSx and MoS; phases.

48



(a) Parent zeolite/ Impregnated sulfide catalysts (b) Unsupported NiMoS(UNiMoS)

l LA NiMoY200 N *MoS»y
lNiSX
I \ ‘ A Y200
=
g | | NiMoY150 | ~
-
-*E‘ l l l Ll viso| <
g e 1
= \ ‘ L NiMoY80 | =
(== P D
=
Yso| =
| I NiMoY30
l | l o Y30
AAA A
T T T T T 1 1 1 1 1 1 1
10 20 30 40 50 10 20 30 40 50 60 70
2-Theta 2-Theta

Fig. 29 X-ray diffraction patterns of (a) parent zeolites and zeolites impregnated NiMo sulfides, (b)
Unsupported NiMoS (UNiMoS).

H,-TPR results are shown in Fig.30 for NiMoY30 and UNiMoS. As-synthesized NiMoY30
required a very high temperature (~580 °C) to be reduced. Conversely, sulfided NiMoY30
starts uptake of H, at a lower temperature than UNiMoS which could be related to the
existence of non-stoichiometric or weakly bonded sulfur on the support [141]. Also, sulfided
NiMoY30 shows a peak at ~330 °C and UNiMoS at~415 °C representing the presence of
strongly bonded sulfur. Furthermore, H, uptake for NiMoY30 was completed at a temperature
lower than UNiMoS indicating the labile nature of Mo-S, bonds. The H, uptake profiles for the
sulfided catalysts occurred simultaneously with the release of a small amount of hydrogen
sulfide indicating the formation of sulfur vacancies responsible for deoxygenation/
hydrogenolysis reactions [17]. For NiMoY30, a delayed H,S release shows either the high-
temperature requirement for the creation of more sulfur vacancies or partial diffusion
resistance of H;S out through the Y30 at the experimental conditions. Deoxygenation activities
of the impregnated sulfided NiMoY30 and UNiMoS thus can differ during the hydrotreatment
of Kraft lignin. Indeed, higher overall deoxygenation can be observed for the impregnated
NiMoY30 (Table 13). UNiMoS and UNiMoS+Y30 show lower deoxygenation, on the other
hand, but can stabilize more lignin fragments leading to the lower solid residue for the latter.
Since the lignin degradation temperature is lower than the H, uptake temperatures of both
NiMoY30 and UNiMoS, it can be expected that at low temperatures thermally driven
repolymerization/ coupling reaction will dominate before the catalysts are activated. To
emulate the H; uptake characteristics, an experiment with sulfided NiMoY30 was conducted
until the temperature reached 400 °C followed by rapid cooling of the reactor. This gave a
solid residue yield of 35 wt.% indicating the dominance of these coupling reactions, especially
at low temperatures where the NiMoS is less active, or the number of active sites is limited.
Increasing the number of catalytic active sites can then play a crucial role [98]. Indeed, an
increase in the catalyst loading of NiMoY30 (Table 13) showed a remarkable increase in the
liquid/bio-oil yield producing mostly alkylbenzene and monocyclics (~79% selectivity).
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XPS results on the sulfided NiMoY30 (impregnated) and UNiMoS (unsupported) are shown in
Table 16. The analysis shows the presence of metal sulfides as MoS; (228.6 £ 0.1 eV), NiSx
(852.8 +0.1), and NiMoS (854.2+0.2). A Mo-oxysulfide phase (Mo°*) has also been observed
for both catalysts, however a little higher over UNiMoS. Also, a higher fraction of NiSx has been
observed for NiMoY30. Surprisingly, the surface Ni/(Ni+Mo) ratio was found to be much lower
for UNiMoS than NiMoY30 demonstrating that Ni remains mostly in the bulk. TEM analysis
showed (Fig.31) a uniform distribution of Ni, Mo, and S over a representative area. HRTEM
images depict the typical fringes/layered structure of MoS,. The average slab length for
UNiMoS was found to be higher than for NiMoY30 and vice versa for the average stacking
shown in Table 16. This leads to high dispersion of edge and corner Mo atoms compared to
total Mo in the NiMoY30 catalyst. On the other hand, UNiMoS showed more edge Mo atoms
than the corner sites. Due to this difference, more hydrogenolysis activity can be observed
over UNiMoS. Moreover, the features of the MoS, morphology over both catalysts are
different: a more rounded or curved MoS; layer can be observed for NiMoY30 due to the
influence of the support while for UNiMoS it is sharper or bent and porous in nature.

= NiMoY30 (as synthesized)

N

580

= H, (NiMoY30-sulfided)

V

330

«eos H,S (NiMoY30)

MS Intensity (a.u.)

4

415

— H, (UNiMoS)

*++ H,S (UNiMoS)
etcc.,
®ccecccccccccsccccccnd

[ N R
100 200 300 400 500 600 700 800

.
ee0cc0ccc0cccoccnc e

Temperature (°C)

Fig.30 H, uptake characteristics of UNiMoS, sulfided and as-synthesized NiMoY30 during H,
temperature-programmed reduction.
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Table 16 Data from the XPS and TEM analysis of the supported/unsupported sulfided catalysts.

Catalyst Mo Ni Sulfidation (%) Ni/(Ni+Mo) Average Average MoS: Edge
Sulfidation atomic Slab Stacking  dispersion,fvo to
(%) ratio length corner
(nm) ratio

Mo*/Mo>*  NiSx NiMoS Ni*

UNiMoS 68/20 7 72 21 0.05 6.3 2.9 0.156 8.4
NiMoY30 75/13 24 66 10 0.22 4.3 3.8 0.254 5.2

XPS and TEM analysis showed that sulfided NiMoY30 and UNiMoS contain NiSx and MoS;
phases. This is also consistent with the XRD measurements for UNiMoS. It is reported that the
presence of NiSx can increase the hydrogenation activity of MoS; [142]. Also, the synergetic
effect of NiS2 and MoS; has been found to increase the rate of hydrogenation and HDO of bio-
oil oxygenates [24]. However, excess NiSx was found to hinder access to MoS;, thus lowering
the activity [143]. H2-TPR shows that Ni integration lowers the hydrogen uptake temperature
more for NiMoY30 than UNiMoS. NiMoY30 reactivity during hydrotreatment can largely be
related to its ability to facilitate hydrogen activation. In addition, higher dispersion of MoS;
gives rise to a larger amount of edge Mo atoms rather than corners, which enhances the
hydrogenolysis and hydrogenation reaction. Furthermore, the acidity of NiMoY30 contributes
to isomerization, hydrocracking and dehydration reactions.

4.3.4 Regeneration of catalyst and characterization of solid residue

TGA analysis was performed on the recovered NiMoY30 containing solid residue and the result
is shown in Fig.32(a). As shown 45% weight loss can be seen upon heating the sample to 500
°C. Based on this profile, recovered NiMoY30 was calcined in air at 450 °C for 3 h. XRD patterns
in Fig.32(b) confirm the regeneration of the recovered NiMoY30. This transformation however
slightly increased the particle size of MoOs3 as can be seen by an intensified peak at 26=26.7°.
This also shows that the zeolite structure remained stable during these thermal cycles of
calcination, sulfidation, and regeneration. To understand the nature of the solid residue solid-
state-cross-polarization (CP) 3C NMR was conducted and the results are shown in Fig.33 with
comparison to the Kraft lignin analysis. The characteristic methoxy groups in Kraft lignin can
be identified by a peak around 57 ppm. Reductive thermal and catalytic depolymerization of
Kraft lignin shows significant demethoxylation and the liquid phase shows the existence of
demethoxylated products e.g., alkylphenols. Aliphatic carbon-hydrogen moiety and aromatic
carbons (C-C, C-H, and C-0O) can be observed via a shoulder below 50 ppm and in the range of
100-160 ppm. Kraft lignin shows a sharp peak around ~149 ppm indicating the presence of C-
O groups. Thus, the resulting solid residue is more carbonaceous in nature than Kraft lignin
and scarcely contains methoxy groups and much fewer C-O groups.
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(a) Unsupported UNiMoS
i

(b) NiMoY30

Fig.31. HAADF-STEM/HRTEM imaging and EDX mapping of (a) Unsupported NiMoS and (b) NiMoY30.
Sub images: (1) overview of the materials, (Il) overview of the analysis area (orange box), (lll)
Molybdenum, (1V) Nickel, (V) Sulfur EDX elemental mapping, and (VI) BF-TEM micrograph.

a b
100+ ( ) NiMoY30-recovered ( )
NiMoY30-Regencerated
90
= NiMoY30-Recovered
c\iSO B 3 WW
w N
2 £
=707 2 I I l | NiMoY30-Sulfided
= 2
60 =
504 I NiMoY30-synthesized
40 4 T T T T T T T T T T T T T
0 100 200 300 400 500 600 700 800 10 20 30 40 50 60
Temperature (°C) 2-Theta

Fig.32 (a) Thermogravimetric analysis of the solids recovered from reactor following NiMoY30
hydrotreatment and (b) XRD pattern of the NiMoY30 following different stages.
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Fig.33 Solid-state-cross-polarization (CP) *3C NMR of Kraft lignin and the solid residue obtained from
the hydrotreatment.
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4.4 Thermal annealing effects on hydrothermally synthesized unsupported MoS. for
enhanced deoxygenation of propylguaiacol and Kraft lignin

As described in Section 4.3 Kraft lignin hydrotreatment typically generates alkylphenolics,
guaiacolics (e.g., guaiacol, propyl guaiacol) in addition to deoxygenated aromatics and
cycloalkanes depending on the reaction conditions and employed catalyst. Deoxygenation
activity of such fractions is vital to upgrade them to value added fuel components. Thus, in
this study deoxygenation activity of a bio-oil model compound, propylguaiacol has been
explored extensively using unsupported MoS.. In addition, diffusion resistance was observed
for complex feed, Kraft lignin over supported catalysts. Hence, Kraft lignin hydrotreatment
was also studied using unsupported MoS;.

4.4.1 Catalyst characterization

Textural properties of the unsupported MoS; prepared in this work and bulk MoS; (Sigma-
Aldrich) are shown in Table 17. Bulk MoS; has the lowest specific surface area while annealed
samples (MoS;-12a, Mo0S;-24a) show higher values. As-synthesized MoS; without thermal
treatment (MoS;-12 and MoS;-24) shows similar specific surface areas indicating the influence
of the extended synthesis time. Interestingly, MoS;-12a shows the highest pore volume and
the smallest pore sizes.

Table 17 Physical properties (surface area, pore-volume, and pore size) and HRTEM analysis of the
synthesized unsupported MoS; catalysts and bulk MoS,.

Catalysts Surface Pore Pore size  Average Average MoS; Edge-to-
area volume (A) MoS2 stacking  dispersion corner
(m2/g) (cm3/g) slab number (fmo) ratio of
length (An) MoS:2
(AL) slabs
MoS2-12 154 0.34 108 5.07 4.01 0.150 6.42
MoS2-12a 27.8 0.60 83.8 8.41 2.72 0.103 11.6
MoS2-24 16.2 0.13 317 6.58 3.26 0.130 8.78
MoS2-24a 37.1 0.11 105 8.71 3.85 0.105 12.1
Bulk MoS: 4.70 0.03 177 - - - -

As shown in Fig.34 (a), as-synthesized MoS; (M0S»-12 and MoS:-24) shows a weak diffraction
peak at 206 = 14° representing the hexagonal plane (002) of crystalline/bulk MoS,. It also
indicates that the resulting unsupported materials are low in crystallinity. With the annealed
MoS; (MoS;-12a, MoS;-24a), distinct diffraction peaks appeared at 26 = 14°, 33°, 39°, and 59°
corresponding to (002), (100), (103) and (110) planes of MoS;, illustrating the evolution of
crystalline MoS; [144]. The Raman spectrum for annealed MoS;-24a (Fig.33(b)) shows
characteristic peaks at 379 cm™ (E3,), 404 cm™ (Alg), 283 cm™ (E1g), and 454 cm™ (E1g) which
corresponds to the existence of 2H-MoS; (hexagonal symmetry, trigonal prismatic
coordination of metal atom). Other low-intensity peaks at 219 cm™ and 335 cm, can be
ascribed to the presence of a 1T MoS; phase (trigonal antiprismatic or octahedral coordination
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of metal atom). The as-synthesized Mo0S;-24 shows low-intensity peaks due to low

crystallinity.

a) b)

—— MoS,-24a 404

Intensity (a.u.)
Raman intensity (a.u.)
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Fig.34 a) XRD patterns for MoS,-12, M0S;-12a, M0S,-24, MoS;-24a and bulk MoS; and b)
Raman spectra for MoS;-24 and MoS,-24a catalysts.

The deconvolution of the core level Mo3d XPS spectra (Fig.35 and Table 18) illustrates that
the Mo** oxidation state (MoS: species), is the dominant fraction in all the as-synthesized and
annealed samples. Moreover, the Mo>* oxidation state indicates the presence of oxysulfide
species (MoOySy) also present in the as-synthesized samples. The Mo®" oxidation state
associated with MoOs species can be identified in all samples. Interestingly, the thermally
treated sample showed a higher fraction of Mo** (doublet at 229.3 eV and 235.5 eV), no Mo®>*
(230 eV), and lower Mo®* (233.4 eV) fractions [145-147]]. A low oxysulfide fraction (Mo>*,
Mo0OyS,) in the annealed samples signifies the nearly complete conversion of it to MoSs which
upon the thermal annealing step further facilitates the thermal decomposition of MoSs to
MoS;.
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Table 18. Mo 3d composition for MoS;-12, MoS,-12a, MoS;-24, and MoS;-24a.

Mo 3d composition (area %)

Catalyst Mo* Mo®* Mo®*
MoS2-12 62.9 22.2 14.9
MoS;-12a 88.6 - 11.4
MoS2-24 82.9 11.3 5.8
MoS;-24a 93.1 - 6.9
a) MosS,-12 b) MosS ,-12a

Intensity (cps)
Intensity (cps)

240 235 230 225 220
Binding energy (eV)

d) MosS,-24a

Intensity (cps)
Intensity (cps)

N M M " " "
240 235 230 225 220 240 235 230 225 220
Binding energy (eV) Binding energy (eV)

Fig.35 XPS spectra of Mo 3d for a) MoS,-12, b) M0S;-12a, c) MoS;-24, and d) MoS;-24a.

Fig.36 shows the scanning electron microscopy (SEM) images of the as-synthesized and
annealed unsupported MoS; samples. Agglomerates of spherical particles in various particle
sizes can be easily distinguished in all the SEM images which mainly attributed to the laminar
growth of MoS; micelles during the hydrothermal synthesis. As evident from Fig.36 (a,b, e,
and f) as-synthesized MoS; consists of larger and small-sized particles while for annealed
MoS;, the particles become uniformly distributed and well dispersed. For instance, the MoS,-
24a sample exhibited the lowest average particle diameter of 190 nm with a narrow particle
size distribution. The differences in the morphology of the as-synthesized and annealed
catalysts demonstrate the importance of the annealing pretreatment proposed in this study
for the further growth and re-distribution of the MoS; particles. A MoS, sample prepared
without the pH adjustment (Fig.37) shows an even larger average particle size (~2um) which
is close to the size of bulk commercial MoS; (6 um). This also shows the importance of pH
adjustment for the development of MoS; micelles.
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Fig.36 SEM images of a-b) M0S;-12, c-d) M0S;-12a, e-f) MoS,-24, and g-h) MoS;-24a.
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Fig.37 SEM image for MoS; prepared without pH adjustment.

High resolution TEM images for MoS, samples are shown in Fig.38. The entire MoS; sample
showed the characteristic interlayer distance of 0.64 nm corresponding to the basal (002)
MoS: planes. The observed differences in their morphologies can be easily distinguished by
rounded edges, curved multi-layered fringes for the as-synthesized catalysts (marked via red
arrows), and the sharp edges, randomly stacked fringes for the annealed MoS; (marked via
yellow arrows). The sharper edges and more defect-rich sites are mainly attributed to the
additional development of fine MoS; crystallites during the annealing treatment of the as-
synthesized MoS,. These enhancements at the edges increase the specific surface area
(evident from the textural properties, Table 17) of the resultant catalysts and result in the
exposure of more HDO active sites. 500-550 MoS; slabs were analyzed to obtain the
quantitative comparison of the average MoS; slab length, stacking degree, MoS; dispersion,
and the edge-to-corner ratio of MoS; slabs (Table 17). The annealing pretreatment
contributed to an increase in the MoS; average slab length which in turn increased the edge
to corner ratio of the MoS; slabs. The defect-free features and curvy multi-layered structure
can be observed in both as-synthesized catalysts. While for the annealed samples, random
stacks and sharp edges were observed. These distinct features that can only be observed in
the annealed catalysts which corroborate with the existence of greater amounts of defect sites
can be seen from its morphology in Fig.38 (b,d).

It is noteworthy to mention that morphology of as-synthesized UNiMoS (Fig.31a) shows a
similar feature as the annealed MoS; in Fig.38 (b,d). Also, the XRD pattern of UNiMoS (Fig.29b)
shows the characteristics peak of annealed MoS; (Fig.34a). Hence, UNiMoS was used as such
after the hydrothermal synthesis.
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Fig.38 HRTEM images of a) M0S;-12, b) M0S;-12a, ¢) MoS;-24, and d) MoS;-
24a, with arrows indicating differences in characteristics of particle edges.

4.4.2 HDO of 4-propylguaiacol (PG) over unsupported MoS; catalysts

To illustrate the catalytic activity, the as-synthesized and annealed MoS; samples were tested
for the HDO of 4-propylguaiacol (PG) at 50 bar of total H, pressure, 300 °C, and 1000 rpm
stirring rate. Fig.39 shows the comparison of PG conversion and product selectivity after 4 h
of hydrotreatment for all catalysts (Mo0S;-12, MoS;-24, Mo0S;-12a, and MoS;-24a). Fig.40
shows time evolution data (up to 5h) for PG HDO over the MoS; catalysts. Based on the
evolution of the products and intermediates a reaction network is proposed as shown in
Scheme 6.

PG undergoes demethoxylation to form 4-propylphenol initially as a lower energy barrier is
needed to cleave the methoxy group [148]. Simultaneously, a small degree of demethylation
of PG leads to the formation of 4-propylcatechol (referred hereafter as ‘20-compounds’). The
removal of OH groups (dihydroxylation) via HDO directs these intermediates to form 4-
propylbenzene (‘aromatics’ in Fig.39 and Fig.40) which hydrogenates further to form 4-
propylcyclohexene and 4-propylcyclohexane (‘cycloalkanes’ in Fig.39 and Fig.40). A
hydrogenated intermediate, 4-propylcyclohexanol has not been detected in the reaction
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mixture which can be due to its rapid disappearance via dehydration to produce
propylcyclohexene.

Scheme 6 Reaction scheme for HDO of PG over unsupported MoS; at 50 bar total H,
pressure, 300 °C, and 1000 rpm.
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Fig.39 Reaction product selectivity and conversion at 4 h for HDO of PG over MoS;-
12, Mo0S;-12a, MoS;-24, and MoS;-24a at 50 bar total H2 pressure, 300 °C, and 1000
rpm.

A positive influence in the PG conversion can be seen (Fig.39) when the MoS; synthesis time
was extended from 12 (~90 % for M0S;-12) to 24 h (~100% for MoS,-24). Both as-synthesized
samples also exhibited different selectivity for deoxygenated cycloalkanes like 4-
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propylcyclohexane and 4-propylcyclohexene of 27.5 % and 43.4% for M0S,-12 and MoS;-24,
respectively. Furthermore, the selectivity of 20-compound was higher for MoS;-12 (24.7%) as
compared to MoS;-24 (8.3%) after 4 h of reaction.

Both as-synthesized catalysts then underwent thermal annealing at 400 °C for 2 h under
nitrogen flow and were further tested for PG HDO. As shown in Fig.40 after 5h of reaction,
deoxygenated cycloalkane selectivity increased to 76.6% and 60.5% for MoS;-12a and MoS;-
24a respectively as compared to 40% and 49.6% for Mo0S,-12 and MoS;-24. This is due to the
rapid conversion of the oxygenated intermediates 4-propylphenol and 4-propylcatechol over
the annealed MoS, which further confirms the existence of more active sites over them.
Indeed, such conversion is faster over MoS;-12a as evident by the complete deoxygenation of
4-propylphenol, whereas its selectivity reduced to 23.8% for MoS,-24a after 5 h. It is
noteworthy to mention that with the annealed catalysts an aromatic compound, 4-
propylbenzene appears after 2 h of reaction, and its selectivity increases thereafter which
were mainly due to the direct HDO of 4-propylphenol. After 5 h, the yield of deoxygenated
products was found to decrease in the following order: MoS;-12a (100%) > MoS,-24a (80.4%)
> Mo0S;-24 (49.6%) > M0S;-12 (40.0%). This result demonstrates that the morphology of the
synthesized MoS; plays a crucial role in determining the catalytic activity. Also, thermal
treatment of as-synthesized MoS, was found beneficial for HDO reactions due to the
morphological changes observed earlier (see Section 4.4.1).

It is clear that PG deoxygenation was improved with longer synthesis time, i.e., M0S,-24
among the as-synthesized catalysts (Fig.40(a, c)). On the other hand, it is the shorter synthesis
time one, i.e., M0S;-12a among annealed catalysts for which PG deoxygenation increases
further. This suggests that the 12 h synthesis time is sufficient to nucleate MoS. crystallites
and the proposed thermal treatment under nitrogen atmosphere can induce morphological
changes by further growth of MoS; crystals (Table 17). As observed the annealed catalysts
display longer average MoS; slabs which contribute to higher edge to corner Mo atomic ratios.
Hydrogenation reactions are thermodynamically preferred on the corner sites while edge-Mo
atoms facilitate HDO reactions via sulfur vacancies. Lower edge to corner ratios of MoS; slabs
for as-synthesized catalysts thus show fewer deoxygenation activities. The observed reactivity
of PG thus well correlates to the physicochemical properties of the evolved MoS; whether
annealed or not.

Besides, the catalytic activity of the as-synthesized and thermally treated MoS, the influence
of the pH adjustment has been studied for the HDO of PG and the results are shown in Fig.41.
From Fig.41 (a, b), it is evident that catalytic activity is lower for both samples. Annealing of
MoS; prepared without pH adjustment shows a negative effect on PG conversion in which
74.2% was achieved after 5 h for the annealed sample whereas 86.6% was reached for the as-
synthesized sample. Other product selectivity shows a similar trend except for the high initial
selectivity for 4-propyl phenol in the annealed MoS; (no acid treatment) (Fig.41b). These
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variations can be attributed to the larger particle size of MoS; (Section 4.4.1) providing only
small fractions of active sites compared to the pH-modified catalysts. This further
demonstrates the importance of acid treatment and annealing to promote the growth of MoS;
particles which is necessary for HDO activity enhancement.

Furthermore, bulk MoS; (Sigma Aldrich) has been studied for PG hydrotreatment and the
activity results are outlined in Fig.42 (a). PG conversion after 5h reach 81.3% while it reached
~100% for Mo0S;-12a in 4 h. In addition, >70% oxygenated compounds (4-propylphenol and 4-
propylcatechol) remained from the bulk MoS; after the 5 h experiment compared to a yield
of fully deoxygenated cycloalkanes and aromatic compounds from MoS,-12a. The origin of
this difference lies in the textural (Table 17) and morphological differences outlined above.

Additionally, the activity of MoS,/Al,03 (13.2 wt.% Mo, 500 mg total) was compared with
MoS;-12a (66 mg total) using the same model reaction, where an equivalent mass of active
metal was used. As can be seen in Fig.42 (b), PG conversion reaches ~100% after 2 h compared
to 4 h for MoS;-12a. After 5h HDO, there are only small differences in the cycloalkane
selectivity (70.2 vs 76.6%). However, the major difference is the two-fold lower selectivity for
deoxygenated aromatics and higher selectivity for 4-propyphenol (17.5 %) after 5h
hydrotreatment. These results indicate that the supported catalyst could have higher
dispersion of active sites or higher density of active sites per mass active phase (MoS;) which
is beneficial for PG conversion but not the HDO activity. The differences in the HDO activity
between the supported and unsupported catalysts could be attributed to the differences in
the nature of their active site, i.e., the morphology.
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4.4.3 Hydrotreatment of Kraft lignin over an unsupported MoS; and bulk MoS;

Unsupported MoS;-12a and commercial MoS; were further studied for the hydrotreatment of
Kraft lignin at 340 °C and 40 bar of initial H, in the autoclave reactor for 5 h, excluding the
initial heating time. Hydrotreatment converts the solid lignin to bio-oil containing a spectrum
of products mainly phenolics and deoxygenated compounds (cycloalkane and aromatics) with
residual solids (termed as char). Fig. 43 shows the selectivities for each group of products for
both catalysts. Bulk MoS; depolymerizes the Kraft lignin mainly to phenolic compounds (~90%
selectivity) comprising guaiacols and alkylphenols. It also showed a high degree of formation
of repolymerized fraction, char (~43% yield). MoS;-12a, on the other hand, showed 78.6% and
20.1% selectivity for cycloalkane products (methylcyclopentane, cyclohexane,
methylcyclohexane, methyl cyclopentane, ethylcyclohexane, and propylcyclohexane, etc.)
and deoxygenated aromatic products (toluene, 1,3-dimethylbenzene, and propylbenzene,
etc.), respectively. These results are consistent with the model (PG) HDO results discussed
above for Mo0S;-12a, showing higher hydrogenation and deoxygenation activity which
stabilizes more lignin fragments during the depolymerization step and contributes to forming
less char (27% char yield) at the end of 5h hydrotreatment.
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Fig.43 GCMS analysis for the comparison of product selectivities and char yield between bulk
MoS; and MoS,-12a for hydrotreatment of Kraft lignin. Reaction conditions: 3:1 lignin to
catalyst mass ratio, 340 °C, 40 bar initial H2 pressure, 5 h, and 1000 rpm.
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5 Concluding remarks and outlook

Valorization of complex feedstocks like Kraft lignin requires selective cleavage of interunit
etheric and carbon-carbon linkages (depolymerization), stabilization of the oxygenate
fragments, and upgrading (e.g., hydrodeoxygenation) to targeted products (e.g., biofuels, fine
chemicals). In this regard, catalytic hydrotreatment has been investigated employing Mo-
based sulfides (e.g., MoS;, NiMoS) supported over y-Al,03 and/or ultra-stable Y-zeolites or as
standalone catalysts to understand their roles. Important insights have been developed in this
regard through catalyst preparation, catalyst activation, and characterizations.

Before realizing the Kraft lignin upgradation in this thesis, a detailed literature review for the
sulfided catalysts in upgrading renewable feedstocks mainly triglycerides, pyrolysis oil, and
lignin has been addressed (paper 1). Hydrotreatment of lignin model dimers mimicking
common lignin linkages has been performed using sulfided NiMo catalysts to elucidate the
effect of support acidity, silica/alumina ratio to the cleavage of recalcitrant lignin dimers, and
further upgradation (paper Il and Ill). Kraft lignin hydrotreatment has been conducted in a
one-pot process using optimum catalysts from the model studies (paper V). Unsupported
catalysts (MoS;, NiMoS) have also been studied to elucidate their roles and the roles of the
catalyst components in the impregnated catalysts (paper IV and V).

Studies with model lignin dimers revealed that the NiMo sulfide over y-Al,03 can cleave the
etheric linkages easily whereas cleavage of C-C intermediate dimers occurred at only a very
slow rate. Y-zeolite incorporation was found to enhance the cleavage of etheric linkages.
Transalkylation and isomerization appeared to be a dominant route for C-O-C hydrogenolysis
over catalysts with higher Brgnsted acidity leading to the formation of C-C-linked stable
intermediate phenolic dimers. However, the resultant acidity of the catalyst causes the
intermediate phenolic dimers to cleave (C-C scission) yielding more mono-aromatics including
benzene, toluene, ethylbenzene, xylene, cresols, and ethyl phenols. Significant C-C scission
(>50 %) has also been observed with 5-5" model linkages over NiMoY even though the initial
favored reaction yields dibenzofuran exclusively. Additionally, NiMo sulfides over a series of
ultra-stable Y zeolites revealed that Y zeolites with a moderate silica/alumina ratio of 30
(NiMoY30) can facilitate a higher degree of hydrogenolysis, hydrocracking, and deoxygenation
reactions involving B-0-4, methylene linked, and 5-5’ linked phenolic dimers leading to the
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formation of greater amounts of deoxygenated aromatics and cycloalkanes including BTX. The
high activity of the sulfided NiMoY30 could be attributed to the better proximity of the metal
sulfide phase and acidic sites, moderate acidity of the catalyst, and higher dispersion of metal
sulfides.

NiMoY30 was thus studied with Kraft lignin in a one-pot hydrotreatment at elevated
temperature and pressure. One of the major challenges in such a process is to prevent the
rapid repolymerization reactions during the thermal degradation of lignin which begins at low
temperatures where the catalyst lacks sufficient activity. In absence of catalyst, reductive
depolymerization was found to yield greater amounts of repolymerized lignin derived solid
residues (~47 wt.%). With NiMoY30, a significant reduction in solid residue formation (~50%
reduction compared to without catalyst) was observed. This leads to an improved product
yield (~30 wt.%) in the liquid phase with high selectivity to alkylbenzene and monocyclic
compounds ((~61%). A comparison of the impregnated NiMoY30 and a similar counterpart of
unsupported NiMoS and Y zeolites (a physical mixture), with equal amounts of metals and acid
sites, showed further reduction in the solid residue formation (~16.7 wt.%) for the latter. This
was due to the enhanced access to the active sites and lignin fragment stabilization compared
to the impregnated catalyst. This implies, impregnated NiMoY30 has a diffusion limitation for
larger lignin fragments to access the active sites. However, an increase in the active sites by
increasing the catalyst loading for NiMoY30 showed reduced solid residue yield (~16.4 wt.%)
with a noteworthy monomeric product yield (~¥39 wt.%). The final liquid also had a remarkable
alkylbenzene and monocyclic yield (~¥31 wt.%) and selectivity (~79%). The physical mixture of
unsupported UNiMoS and ultra-stable Y zeolites, on the other hand, shows two-fold lower
selectivity to alkylbenzene and monocyclics than NiMoY30 but higher selectivity to
mono/alkylphenols, indans/naphthalenes, and polycyclic aromatics. Catalyst characterization
demonstrated that the enhanced catalytic hydrogen activation at low temperature (NiMoY30)
enhances the lignin depolymerization by stabilizing the lignin fragments/radicals. Moreover,
a suitable balance/proximity of deoxygenation and acidic sites for the impregnated catalyst
(NiMoY30) was found beneficial for the formation of a high amount of deoxygenated
monomeric products despite high solid residue formation.

It has been observed that catalysts show diffusion limitation for large lignin or recombined
lignin fragments in a single-pot hydrotreatment process. To further understand the role of
transition metal sulfides, lignin derived bio-oil and Kraft lignin has been studied with
hydrothermally synthesized unsupported MoS,. A unique pretreatment step, annealing of
hydrothermally prepared MoS; under N atmosphere was found beneficial for hydrotreating
applications. Among the synthesized catalysts, enhanced deoxygenation and hydrogenation
of the bio-oil model compound (propylguaiacol) was observed for an annealed MoS; obtained
from 12 h of hydrothermal synthesis under pH-controlled conditions. Catalyst characterization
revealed that the high activity was due to the reduced particle size, increased surface area,
and defect-rich morphology of the MoS; leading to the formation of a higher ratio of edge to
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corner Mo atoms. As a result, the deoxygenated aromatic fraction was found to increase more
than its hydrogenation counterpart. Kraft lignin hydrotreatment with this highly active MoS;
shows significant char/solid residue suppression and high selectivity for cycloalkane and
deoxygenated aromatic products.

The above findings signify that physicochemical properties of the classical NiMo sulfides can
be tailored to enable them to be highly active for hydrogenolysis and deoxygenation reaction
to valorize lignin and lignin derived bio-oil to value added components (e.g., cycloalkanes,
alkylbenzenes, alkylphenols, etc.).

The one-pot process shows promising results in terms of yield, however, a continuous mode
of hydrotreatment under a constant hydrogen supply can enable more features to be studied
especially the catalyst deactivation. It has been understood that Kraft lignin valorization
requires an active and stable catalyst for suppressing solid residue/char formation and
delivering a high yield of monomeric fractions at sufficiently low temperature and pressure.
To shed more light on this, more affordable transition metal sulfides (Co, W-based sulfides)
can further be explored to understand the reaction mechanism, kinetics, and deactivation
pathways. Especially the understanding of char formation, mechanisms, and kinetics can help
the better design of improved catalysts. Also, the impurities in the feedstock and their impact
on catalysts should be a focus for future research rather than a high bio-oil yield. Furthermore,
co-processing of petroleum-based feedstock and biomass derived feedstock can provide
insights to utilize them from the current biorefinery setup.
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