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ABSTRACT OF THESIS

LIGNIN VALORIZATION VIA REDUCTIVE DEPOLYMERIZATION
USING PROMOTED NICKEL CATALYSTS AND
SUB- AND SUPERCRITICAL METHANOL

While lignin has been regarded as the most promising renewable feedstock for
the sustainable manufacture of aromatic compounds, lignin valorization is necessary
to improve the economic viability of biorefineries. Reductive catalytic fractionation
(RCF), which combines delignification and lignin depolymerization into a single stage
while maintaining the structure and integrity of the cellulose component, has evolved
as an effective method for processing biomass.

The ability of Cu and Fe to promote the performance of a 20% Ni/alumina
catalyst when converting native lignin to alkylphenols by RCF in sub- and supercritical
methanol was tested. The effectiveness of lignin extraction as measured by lignin oil
production, the quantity and distribution of identifiable monomers in lignin oil, and the
yield of residual solids were examined.

All Ni-based catalysts tested performed similarly in terms of product distribution
and monomer yields, offering improved yields of lignin oil and detectable monomers
along with reduced char formation in conditions relative to blank (sans catalyst) runs.
Ni-Cu catalyst in the presence of supercritical methanol, with a monomer yield of 51%,
performed better than Ni-Fe and Ni-only formulations.

Several catalyst characterization methods were employed to identify the
structure-activity relationships underpinning the performance of these catalysts in
lignin valorization.

KEYWORDS: Lignocellulosic biomass, lignin valorization, Ni-based catalysts,
reductive depolymerization, supercritical methanol
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CHAPTER 1. GENERAL INTRODUCTION

1.1 Overall significance

Most of the world's energy needs are now met by fossil fuels, making the search
for sustainable alternatives to power transportation, electricity generation, and
industry, one of the greatest challenges facing human societies in the twenty-first
century. For instance, in the U.S. currently 79% of annual energy consumption is met
with nonrenewable fossil fuels (Figure 1.1). However, the rate of increase in energy
demand exceeds the rate of improvement in energy efficiency, as a result of rising
population and expanding economies (Annual Energy Outlook (AEO) 2022). In addition
to lowering greenhouse gas emissions, the energy source of the future must not
interfere with land required for agricultural production. Biomass that does not disrupt
the food supply (e.g., that stemming from agricultural or forestry residue as well that
grown in nonarable land) is one of the few available resources with the potential to

meet these challenges.
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Figure 1.1. Annual energy consumption in the United States by major source (1776-
2021) in quadrillion British thermal units (top), and as a percentage of total energy
consumption (bottom). Data Source: U.S. Energy Information Administration, Monthly
Energy Review.



Prior to the middle of the nineteenth century, biomass (in the form of wood) was
the primary source of energy for heating, cooking, and lighting in the U.S. (Figure 1.1).
Population growth necessitated a more efficient energy source in order to maintain the
modern economy. Thus, for the better part of a century, the industrialized world has
enjoyed abundant, inexpensive energy due to its reliance on fossil fuels. The
widespread availability of inexpensive fossil fuels contributed significantly to the 20th
century's rapid economic growth, which helped earn it the moniker "Petroleum
Century” (Crocker 2010). The rapid economic growth of the industrialized world is
largely attributable to the widespread use of petroleum, which has led to an increase
in national and individual vehicle ownership. The increasing number of individuals with
access to automobiles has increased the demand for liquid fuels. As a result, the U.S.
shifted its focus from primary to secondary production, relying more and more on fuel
imports from petroleum-rich regions such as South America and the Middle East.
Consequently, the second half of the twentieth century witnessed a gradual transition

from independence to dependence on foreign oil.

Most of the petroleum consumption in the U.S. stems from the transportation
industry. In response to the increasing global demand for liquid transportation fuels,
the production capacity of conventional petroleum reservoirs is rapidly contracting,
exerting upward pressure on the global price of petroleum. In response to rising price
volatility and supply unpredictability, a number of countries have enacted policies to
increase domestic fuel production. In an effort to meet the rising demand for liquid
transportation fuels, these initiatives frequently prioritize the utilization of biomass

resources.



For example, in 2007, the U.S. government enacted the Energy Independence and
Security Act (EISA) to reduce the nation's reliance on foreign oil and improve
automobile fuel efficiency. Bioenergy (biomass-derived energy) has been identified as
the most promising renewable resource for assisting the U.S. in achieving energy
independence. The development of affordable domestic fuels and co-products, the
reduction of greenhouse gas emissions, and the creation of domestic jobs to support
the growth of the U.S. bioeconomy are all ways in which bioenergy can contribute to an
economically sound and environmentally sustainable future. This is because bioenergy
is a renewable resource that can be used to produce a wide range of products,
including transportation fuels, thermal energy, electrical power, and platform

chemicals typically derived from petroleum.

Biomass - i.e., all material of recent biological origin (such as plant or algal
material, or animal waste) - is by its very nature a renewable feedstock. Processes
capable of converting renewable biomass into fuels, chemicals, and bioproducts could
reduce our reliance on nonrenewable fossil fuels and usher in a more sustainable
bioeconomy. Theoretically, biofuels can be derived from carbon-neutral sources and
drop-in biofuels can be easily integrated into existing vehicle fueling systems. The most
common biofuels are liquid transportation fuels (and fuel blend stock) derived from
these feedstocks (Crocker 2010). Utilization of biofuels in the U.S. dates to the 1970s,
when they were introduced as a hedge against catastrophic supply disruptions caused
by America's heavy reliance on imported oil (Tyner and Taheripour 2014; Jacobs
2016). Both ethanol and biodiesel, which were developed using first-generation biofuel
technology (i.e., that using edible feedstock and/or affording biofuels that are not

entirely fungible with fossil fuels), are the most popular biofuels today.
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Indeed, ethanol, an alcohol derived from biomass that is used to increase the octane
rating of gasoline and reduce emissions of carbon monoxide and other smog-causing
pollutants, accounts for the vast majority of biofuel production in the U.S. Producing
bioethanol from corn starch has been the most technologically advanced method for
achieving this goal to date. Most of the ethanol used as a transportation fuel in the
U.S. is produced domestically, which also produces the most ethanol of any country. A

little more than 10 percent of all gasoline sold in the U.S. contains ethanol.

The U.S. Environmental Protection Agency (EPA) has set a target that by 2022,
36 billion gallons of gasoline will be produced from advanced biofuels other than
cornstarch. This target was mainly set to prevent the production of biofuels from
displacing agricultural land used for food production. There is substantial potential for
lignocellulosic biomass as a feedstock for second generation biofuels (i.e., those
produced using inedible feedstock and/or entirely fungible with fossil fuels), mainly
because inedible biomass feedstocks are as diverse as they are abundant. For
instance, due to their high polysaccharide content, starches can be easily converted
into sugars, making them a most promising feedstock for biofuel production. Their low
cost, high availability, also make them one of the most accessible renewable carbon
sources. Cellulose, hemicellulose, and lignin make up the majority of lignocellulosic
biomass, which can be derived from a vast array of materials, including food, crop, and
wood residues; forest products and residues; as well as fast-growing, energy-specific
crops (perennial grasses and woody crops) (Huber, Iborra, and Corma 2006). It is
anticipated that the U.S. should have access to over one billion dry tons of

lignocellulosic feedstocks by 2030 (Langholtz 2016).



The United States has high hopes for a transition to renewable fuels in the future, but

there are many challenges that must be overcome before this can happen.

1.2 Lignocellulosic biomass conversion

At the industrial scale, biomass conversion takes place in facilities called
biorefineries due to their similarities with petroleum refineries. Indeed, just as the
latter do with petroleum, in biorefineries processes break down biomass raw materials
and convert them to biofuels and bioproducts. In the same way that traditional
refineries produce multiple streams of valuable products from petroleum (and do so in
the most efficient and economical way possible), a biorefinery uses biomass as the
feedstock (instead of petroleum) to produce materials, chemicals, fuels, and generate
power efficiently, economically, sustainably (Hingsamer and Jungmeier 2019;
Fernando et al. 2006). In a typical lignocellulosic biorefinery, plant material is
physically processed before being chemically segregated via chemical digestion or
enzymatic hydrolysis into three fractions: cellulose, hemicellulose, and lignin. The
carbohydrate-based components (cellulose and hemicellulose) of lignocellulose can
be used to commercially produce ethanol through fermentation (Abo et al. 2019).
However, lignin valorization commercial processes are in earlier stages of
development, so lignin is typically only used as a low-grade fuel to satisfy internal
energy needs (Schutyser et al. 2017). Still, cellulosic ethanol biorefineries yield around
60% more lignin than is required to meet internal energy demands through its

combustion (Ragauskas et al. 2014).



Before a biorefinery can begin commercial operations, techno-economic
analyses must be performed to mitigate risk. Several studies have found that valorizing
lignin - a highly aromatic natural phenolic polymer accounting for 15-30% of
lignocellulose biomass by weight - has the potential to considerably contribute to the
economic viability of biofuels (Schutyser et al. 2017; Davis et al. 2016). Notably, the
National Renewable Energy Laboratory (NREL) stated in 2018 that lignin valorization
was required to meet the target cost of $2.50/gal of gas equivalent from lignocellulose
biomass (Davis et al. 2018). Similarly, Kautto et al. (2014) modeled a process for
producing ethanol from hardwood, with lignin, furfural, and acetic acid as co-products.
The value of the lignin co-product - as was also the case in the NREL findings - was a
substantial factor in the calculation of the minimum ethanol selling price.
Nevertheless, the value of lignin is currently limited by its resistance to chemical and
biological manipulation, as well as a lack of cost-effective depolymerization techniques
for converting it to valuable bioproducts (Alonso, Wettstein, and Dumesic 2012).
Therefore, despite the fact that cellulosic ethanol can improve the economics of
ethanol production because the feedstocks employed are mostly waste - e.g.,
byproducts of another industry (wood, crop residues) or specialized crops with lower
water and fertilizer requirements than corn (Rosenfeld 2018) - the technology
required to manufacture cellulosic ethanol has not advanced quickly enough to meet
the EISA volume standards (Figure 1.2) due to the complexity and cost of

depolymerizing lignin (Hanson 2018).
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Figure 1.2. Volume standards (billion gallon, ethanol equivalent) as set forth in The
Energy Independence and Security Act of 2007 (EISA).

1.3 Aim, objectives, and outline of this thesis

The overarching goal of the work described in this thesis focuses on the
development of methods for the depolymerization of native lignin (lignin contained in
lignocellulose), this being one of the main constituents of biomass. In doing so, this
work aims to convert this largely waste material into a sustainable source of valuable

chemicals and fuels, thereby significantly improving the economics of biorefineries.

Chapter Two discusses the structure and chemistry of lignin and illustrates the
differences associated with lignin from various sources. A comprehensive overview of
reductive catalytic conversion methods is also provided to familiarize the reader to the
number of processing variables involved in the depolymerization of lignin with
heterogeneous catalysts. Chapter 2 will also provide the groundwork for the following

research objectives:



1. Evaluation of mono- and bi-metallic Ni-based catalysts supported on
alumina to identify an effective formulation for reductive lignin
depolymerization in sub- and supercritical methanol of a model soft wood

(hybrid poplar).

2. ldentification of the structure-activity relationships underpinning the
performance of these catalysts at specified conditions via in-depth catalyst

characterization.

In order to carry out these objectives, several tasks needed to be accomplished.

These specific tasks include:

1. Catalyst preparation and characterization. Three different catalyst systems
were investigated: (i) Monometallic Ni supported on alumina (20 wt.%
Ni/Al203), (ii) Ni-Cu (20 wt.% Ni-5 wt.% Cu/Al203), (iii) Ni-Fe (20 wt.% Ni-5

wt.% Fe/Al203).

2. Catalyst activity evaluation for reductive catalytic fractionation (RCF). The
efficacy of the catalytic treatments was assessed, based on
characterization of the initial feedstocks and the resulting organic soluble
oils, and recovered solids through GC-MS and elemental analysis. The goal
of this task was to achieve a low molecular weight oil product with a high

selectivity to monophenolic products.



The specific methodology and materials employed to perform the work
described in this thesis are detailed in Chapter 3, while Chapter 4 is devoted to the
presentation and discussion of the results obtained from and the fundamental insights
gained from examining three important performance factors, the effectiveness of lighin
extraction as measured by lignin oil production, the quantity and distribution of
identifiable monomers in lignin oil, and the yield of residual solids following
depolymerization experiments. Chapter 5 details the conclusions and

recommendations for additional research on this subject.
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CHAPTER 2. LITERATURE REVIEW

2.1 Introduction

The demand for renewable energy and alternatives to petroleum has increased
in recent years due to environmental concerns and dwindling petroleum supplies.
Biomass is an ideal source of the carbon, oxygen, and hydrogen needed to produce
carbon-based goods and chemicals. The efficient transformation of lignin into
monophenols is now the focus of many research efforts. This is because
depolymerization can convert lignin, a highly aromatic and underutilized component of
lignocellulosic biomass, into bulk guantities of aromatic compounds. These molecules
provide a carbon-neutral, direct replacement for petroleum products, solving a number

of problems at once.

In the presence of a heterogeneous catalyst, these aromatic compounds can
be produced through either the oxidative or reductive depolymerization of lignin. Lignin
depolymerization via selective oxidation requires high-priced catalysts and isolated
lignin to produce monophenols. In order to circumvent the low product selectivity that
comes from harsh isolation techniques, this research focuses on reductive methods
that make full use of the biomass substrate without any prior processing. In this regard,
reductive catalytic fractionation (RCF) is an attractive method since it makes use of

moderate reaction conditions to enable more specific bond breaking in lignin.
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Numerous authors have investigated the use of carbon supported
monometallic Pd, Rh, Ru, or Ni catalysts for RCF (Renders et al. 2018; Renders et al.
2016; Schutyser et al. 2015; Van Aelst et al. 2020; Van Den Bosch, Schutyser,
Koelewijn, et al. 2015; Van den Bosch, Schutyser, Vanholme, et al. 2015); however,
the high cost and/or low stability of these catalysts may prevent their widespread
commercial application. In recent years, it has become clear that Ni catalysts with
added Cu or Fe can achieve the same levels of hydroprocessing activity as more
expensive precious metal catalysts (Loe et al. 2019; Loe et al. 2016; Santillan-Jimenez
et al. 2018). The goal of this study is to use secondary promoter metals like Cu and Fe
to boost the activity and selectivity of Ni-based-alumina catalysts for depolymerizing
native lignin via RCF. This review gives a comprehensive overview of reductive catalytic
conversion methods to familiarize the reader with the many processing aspects that
contribute to efficiently depolymerizing lignin in the presence of Ni-based
heterogeneous catalysts. Since the structural properties of lighocellulosic biomass and
lignin chemistry provide the foundation for fractionation and depolymerization

techniques, they are briefly introduced at the outset.
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2.2 Structural characteristics of lignocellulosic biomass

Lignocellulosic biomass, which makes up approximately 60-90 wt.% of
terrestrial biomass, is composed of three major chemical fractions - cellulose,
hemicellulose, and lignin - that vary significantly across grasses, softwoods, and

hardwoods (Table 2.1).

Table 2.1. Distribution of common constituent fractions in lignocellulosic biomass
types*

Biomass Cellulose Hemicellulose Lignin Other**
Hardwoods 46% 29% 22% 3%
Softwoods 41% 30% 27% 2%

Grasses 35% 17% 23% 22%

*Adapted from (Morton 2010); **Pectin, starch, ash, etc.

The structure of both lignocellulosic biomass and its compositional fractions
are illustrated in Figure 2.1. Cellulose is a crystalline linear polysaccharide comprised
only of D-glucose monomers linked by B-1,4 glycosidic linkages. It is the most prevalent
terrestrial source of renewable carbon. Cellulose is typically composed of 5,000 to
10,000 D-glucose units that form a rigid, flat network by intra- and intermolecular H-
bonding involving its hydroxy groups. As a result of these bonds, cellulose fibers have
a high tensile strength and a tendency to be insoluble in the majority of solvents,
including water (Huber, Iborra, and Corma 2006; Crocker 2010; Schutyser et al. 2018;

Schutyser et al. 2017; Zakzeski et al. 2010).
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Figure 2.1. Schematic representation of lignocellulosic biomass structure and its
constituent fractions.

Hemicellulose is a complex amorphous polymer made up of around 150
monomer units of hexoses (glucose, galactose, and mannose) and pentoses (xylose
and arabinose) that form short, branched chain of polysaccharides that interact with
cellulose and lignin to produce cell wall strength. Due to the presence of acetyl groups
and its highly branched structure, it lacks the crystalline structure of cellulose and
depolymerizes more readily (Huber, Iborra, and Corma 2006; Crocker 2010; Schutyser

et al. 2018; Schutyser et al. 2017; Zakzeski et al. 2010).
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In contrast to cellulose and hemicellulose, which are composed of simple
sugars (monosaccharides), lignin is an amorphous 3-D polyphenolic compound that
binds the entire network together. Lignin comprises 15-30% of lignocellulose by weight
and resides in the cell wall by covalently linking with hemicellulose interlaced between
cellulose microfibrils (Figure 2.1). Lignin’s dense cross-linking provides the cell wall its
structural integrity in addition to its ability to defend against chemical or microbial
attack, all while facilitating water transport. Lignin is highly aromatic and therefore the
most abundant renewable source of aromatic compounds on the planet, making it a
possible replacement feedstock for petroleum-based chemicals if it can be effectively
depolymerized into useable monophenols. However, the likelihood for secondary
reactions to occur during depolymerization poses a significant challenge to lignin
depolymerization processes (Huber, Iborra, and Corma 2006; Crocker 2010;

Schutyser et al. 2018; Schutyser et al. 2017; Zakzeski et al. 2010).
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2.3 Structure of lignin

Native lignin refers to lignin that resides within the lignocellulose substrate
(Schutyser et al. 2018), which is made up of a complicated matrix of linkages that are
formed through oxidative radical coupling of three primary monomer units (henceforth
referred to as monolignols) in the cell wall. These monolignols are distinguished by the
number of methoxy groups they contain, the presence of zero methoxy groups denoting
the p-Coumaryl unit, one group denoting the Guaiacyl unit, and two groups denoting
the Syringyl unit - abbreviated as H, G, and S units, respectively (Schutyser et al. 2018)
(Figure 2.2). During radical coupling, the monolignols are joined via multiple random
C-0 and C-C interunit bonds, resulting in lignin’s diverse structural units. -O-4 bonds
are the most prevalent and easiest to break during depolymerization, whereas 3-5, 3-

B, 5-5, and B-1 bonds are more resistant to chemical degradation.

OH OH OH

.-” = =2
N, -

OH OH OH

H & s

Figure 2.2. Primary monolignols for the formation of lignin. (H) p-Coumaryl alcohol; (G)
Coniferyl alcohol; (S) Sinapyl alcohol.
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The relative distribution of monolignols and subsequent formation of interunit
bonds varies significantly between lignin sources (Table 2.2). For example, softwoods
such as pine are almost entirely composed of G units, whereas hardwoods (e.g., birch,
poplar) are composed of both G and S units. Perennial grasses and fibrous biomasses
like switch grass and corn stover typically contain low concentrations of all three units

(Schutyser et al. 2018).

Table 2.2. Bonding motifs and potential targets for lignin depolymerization with relative
percentages by biomass type.*

U le

MeO. 1 B0 4 A3
3 a '
6 vy \©

HOTANE HO M0 ™5™

OMe

Biomass
type B-0-4 B-5 B-1**
Softwood 45-50% 9-12% 2-6% 1-9%
Hardwood 60-62% 3-11% 3-12% 1-7%
Grasses 74-84% 5-11% 1-7% n.d.%

*Percent occurrence values reported in recent review by Rinaldi et al. (2016); **[3-1
moieties exist in lignin as a spirodienone structure are converted to the (-1 structure
shown after ring opening under mildly acidic conditions (Rinaldi et al. 2016; Zhang
and Gellerstedt 2001).

In addition to the major monolignols outlined above, significant concentrations
of p-hydroxybenzoate (0.5 to 3.0 wt.% of lignin) are contained in all poplar hardwood
species (Goacher, Mottiar, and Mansfield 2021; Smith 1955). During hydrogenolysis
reactions, this lignin-bound p-hydroxybenzoate is liberated by transesterification to
generate p-hydroxybenzoic acid methyl ester (denoted as MP/pHBA throughout this

thesis) (Schutyser et al. 2018).
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The "S/G ratio," or relative amount of S and G in lignin, is a metric used to
represent the abundance of B-O-4 linkages in the matrix because the presence of
easily cleavable bonds, like -0O-4, makes lighin removal and degradation easier. These
monolignols are the key to the conversion of lignin to platform chemicals because the
fragmentation of their linkages leads to the formation of simpler compounds that
resemble H, G, and S units. Indeed, it is precisely the structural robustness and
complex structure of lignin makes the lignocellulose recalcitrant to chemical
degradation or conversion to useful products. The formation of refractory bonds is
defined as the recalcitrance whereby the physiochemical, structural, and
compositional factors of lignocellulose hinder the direct chemical or biological
deconstruction of cellulose (Schutyser et al. 2017). In other words, to gain access to
the valuable cellulose fraction - resulting in ethanol from the conversion of glucose -

the lignin must first be removed from the matrix.

2.4 Lignin depolymerization

Heterogeneous catalytic processes for depolymerizing lignin are often carried
out with the help of catalysts based on noble metals. Transition metals like nickel, iron,
and copper are also commonly studied, but palladium, ruthenium, and rhodium are far
more commonly employed as catalysts due to their high activity. Catalysts comprising
more than one metal - as an alloy and/or as a combination of metal and metal
promoter(s) - are widely used in the field of catalysis as these formulations often afford
better and more tunable results relative to monometallic catalysts (Sharma et al.

2017).
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The presence of more than one metal offers a different surface electronic environment
and geometric structure relative to a single metal, which confers on multimetallic
catalysts unique electronic and chemical properties that can result in improved
activity, selectivity, and/or stability (Yu, Porosoff, and Chen 2012). It is thus
unsurprising that multimetallic formulations are commonly used - and often preferred
- to catalyze reactions as numerous as they are varied, including hydrogenation,
dehydrogenation, reduction, oxidation, water gas shift (WGS), and reforming, the use
of multimetallic formulations for biomass upgrading being particularly noteworthy

(Sankar et al. 2012; Alonso, Wettstein, and Dumesic 2012).

The lignin structure is altered by various de- and re-polymerization reactions in
any strategy for biomass or lignin processing. The formation of monomeric aromatic
compounds from lignin depolymerization results in hydroxyl, allylic alcohol, aldehyde,
ether, or carboxylic acid substituents depending on the processing method employed
(Jongerius 2013). Thus, selective depolymerization of lignin utilizing heterogeneous
catalysts can afford aromatic monomers commonly derived from the petroleum
industry and used to produce the chemicals and materials that enable modern society

(Figure 2.3).
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Figure 2.3. Value-added products from lignin feedstocks (Gale, Cai, and Gilliard-Abdul-

Aziz 2020; Johnson 2007).

When utilizing heterogeneous catalysts, the depolymerization of lignin occurs
in the presence of either oxidative or reductive conditions. Although the oxidative route
can result in highly functionalized, and therefore valuable, aromatic compounds such
as vanillin, an extensively utilized flavoring agent in the food industry and a chemical
intermediate in pharmaceutical manufacturing (Jenkins and Erraguntla 2014).
Parenthetically, the market for vanillin is too small to accommodate for the large
quantity of isolated lignin produced during biomass processing. Additionally, lignin

depolymerization by selective oxidation requires isolated lignin as the feedstock, so

lignin recalcitrance due to refractory C-C bond formation is unavoidable.
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In contrast, hydroprocessing techniques - reductive approaches that utilize hydrogen
to thermochemically reduce the feedstock - continue to be among the most prevalent
and efficient methods for depolymerizing lignin into smaller molecules (such as low
molecular weight lignin, phenols, and other useful chemicals) and to convert those
molecules into hydrocarbon fuels (Shen et al. 2016; Gale, Cai, and Gilliard-Abdul-Aziz

2020).

Hydrogenolysis - the scission of chemical bonds (like C-C or C-O bonds) via
hydrogen addition - has become one of the most widely used and effective lignin
depolymerization procedures to produce aromatic compounds and facilitate C-O bond
breaking (primarily interunit B-O-4 linkages) (Shen et al. 2016). This reaction can occur
in the absence of catalysts; however, catalysts can help employ H2 to selectively break
certain bonds. Hydrodeoxygenation (HDO) is a kind of hydrogenolysis in which C-O
bonds are broken and oxygen is eliminated as H20. HDO is frequently utilized to remove
unwanted oxygen from the lignin fraction. The presence of oxygen in the structure of
lignin and its derivatives restricts their use in fuels and chemicals due to the lowering
of heating value and energy density. Excessive oxygen can also result in high acidity
and reactivity, which complicates the storage of biomass and reduces its shelf life.
Realization of biorefinery schemes with fully integrated lignin valorization processes

requires the development of catalytic technology for lignin depolymerization.
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In short, the inefficient depolymerization of lignin is a major impediment to the
development of a sustainable bioprocessing sector utilizing lignocellulosic biomass.
However, the current catalysts systems in the petroleum industry are not fit for this
purpose. The latter is not surprising, since biomass consists of oxygen-rich long-chain
molecules, whereas the long chain hydrocarbon molecules constituting petroleum are

oxygen-poor (Alonso, Wettstein, and Dumesic 2012).

2.5 Catalytic upgrading of lignin

In the 1940s, high pressure hydrogenolysis/hydrogenation of wood was first
used to elucidate the structure of native lignin (Song 2019). Maple, aspen, and spruce,
were hydrogenated in a 1:1 dioxane/water solvent mixture under various process
conditions (173-220 °C, 35-210 bar Hz, 5-6 hours) using Raney Ni, a finely powdered
Ni-based solid (Pepper and Hibbert 1948; Pepper and Lee 1970; Pepper and Steck
1963). In the past decades, lignin depolymerization has expanded to encompass a
wide variety of methods. Schutyser et al. (2018) have provided a comprehensive

description of lignin depolymerization strategies.

Briefly, the reductive cleavage of lignin can be separated into two main
strategies, namely, early stage (i.e., lignin-first) and late stage, with the main difference
being when lignin is extracted from the lignocellulose matrix. In late stage reductive
depolymerization, lignin is extracted from lignocellulose using isolation techniques
such as alkaline pulping, organosolv processing, enzymatic processing, and mild
acidolysis. These pretreatment methods can render lignin more difficult to valorize due

to the formation of new refractory bonds that form during the isolation process.
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On the other hand, early stage, commonly referred to as reductive catalytic
fractionation (RCF), utilizes lignin that is removed from the cell wall during
hydrogenolysis using heat and solvents, usually in the presence of a catalyst (Renders
et al. 2019). The lignin is immediately depolymerized with negligible condensation,
thus circumventing additional recalcitrance, leading to higher product yields relative to
technical lignin. This ‘lignin-first’ approach can be advanced by utilizing active and
selective heterogenous catalysts to maximize yields, minimize residues, decrease
environmental impact of chemical processes, and produce products at low prices so

these products can be competitive in the current market.

2.6 Reductive Catalytic Fractionation (RCF)

The most common methodology for RCF involves the solvent-based extraction
of lignin from biomass in the presence of a transition metal under hydrogen
atmosphere, with the aid of an H-donor solvent, or with another reducing agent (Ferrini
and Rinaldi 2014; Parsell et al. 2015; Song et al. 2013; Van den Bosch, Schutyser,
Vanholme, et al. 2015; Yan et al. 2008). The technical distinction of RCF is the
utilization of a heterogenous catalyst, whose primary role involves the reductive
stabilization of reactive intermediates that result from the solvolysis of lignin, and the
depolymerization of the solubilized oligomers produced (Abu-Omar et al. 2021).
Although numerous attempts have been made to improve the efficiency of the RCF
process using catalysts, the latter is still insufficient for widespread industrial

application (Bartling et al. 2021).
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The development of heterogeneous catalysts for RCF is heavily reliant on an
understanding of material design concepts related to the way in which the metal(s)
and the support comprising the catalyst — as well as the solvent employed - can
improve selectivity and conversion (Gale, Cai, and Gilliard-Abdul-Aziz 2020). To
maintain aromaticity, optimal catalyst features for reduction reactions include: (1) high
conversion at low temperatures to minimize char formation and competitive thermal
condensation reactions; (2) high selectivity to phenols to avoid excessive hydrogen
consumption; (3) water tolerance; and (4) the ability to deal with a variety of lignin
streams (Zakzeski et al. 2010). These characteristics stem from the fact that the RCF
process is influenced by three major factors: (1) feedstock; (2) solvent/H-donor

system; and (3) catalyst type (Renders et al. 2017).

2.6.1 Lignin feedstock

The variability of lignin structure and cross condensation reactions contribute
to the difficulty of biomass processing by affecting yields. Therefore, conventional
biorefinery schemes, such as those used in the pulp and paper industry, employ
pretreatment processes to remove lignin from the lignocellulose matrix as a waste
material to be burned for internal heat and power (Gale, Cai, and Gilliard-Abdul-Aziz
2020; Schutyser et al. 2018). To separate the insoluble cellulose fibers from the
soluble lignin, a technique is used to solubilize the lignin fraction, and the resulting
byproduct is called "technical lignin." Lignin is often extracted using either sulfur-based
technologies, such as sulfites affording Kraft lignin, or sulfur-free procedures, in which

organic solvents or alkaline solutions are utilized.

24



The most common types of technical lignins are lignosulphonates (obtained via sulfite
pulping), Kraft lignins (obtained via Kraft pulping black liquor), organosolv lignins
(obtained via organosolv pulping), soda lignins (obtained via soda pulping), and lignin
residue after enzymatic treatment of biomass (Bulkowska 2016). Removing the lignin
in this way yields a very concentrated form of lignin that is mostly made up of refractory
C-C bonds. Although the pulp and paper industry produce nearly 70 Mt of technical
lignin annually, only a small fraction of this technical lignin - primarily lignosulfonates
(derived from sulfite processing) - are utilized commercially as binding and dispersing
products; the rest is combusted as low-grade fuel for internal heat and power

(Ragauskas et al. 2014).

Technical lignin is typically recalcitrant to depolymerization to monophenols
because it lacks easily cleavable C-O linkages, requiring harsher process conditions to
break C-C bonds instead. For example, Narani et al. (2015) depolymerized Kraft lignin
to alkylphenolics using supported NiW and NiMo catalysts in supercritical methanol (T:
320 °C; p: 35 bar Hy, t: 8 hours) resulting in 26 wt.% of alkylphenolics. These authors
concluded that the high sulfur content of Kraft lignin may lead to catalyst deactivation.
Similarly, Dou et al. (2021) depolymerized Kraft lignin over a hollow Ni-Fe catalyst in a
methanol/1,4-dioxane mixture (T: 300 °C; p: 20 bar Hy, t: 3 hours) resulting in a
maximum of 70 wt.% of monomers and dimers. In doing so, these authors
demonstrated that the efficient conversion of Kraft lignin into alkylphenols under mild
conditions requires the synergetic effects of multimetallic catalysts to circumvent the
catalyst deactivation resulting from the use of less-than-ideal feedstocks like technical

lignin.
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Due to the complicated physiological properties of lighocellulosic biomass, the
use of bimetallic Ni-based catalysts for the conversion of native lignin is still relatively
underexplored, despite the widespread recognition of the higher performance of
multimetallic catalysts. Most studies begin with the catalytic conversion of lignin model
compounds such as phenol, anisole, and guaiacol to better understand catalytic
activity (Chen et al. 2019). For instance, an isopropanol-based solvent was used in the
catalytic transfer hydrogenation of p-cresol by Kannapu et al. (2015), who used a
bimetallic Ni-Cu/Al20s formulation. With the Ni-Cu/Al203 catalyst, a variety of products
were obtained from the reduction of p-cresol in isopropanol at a yield of >95%, which
confirms that Ni-Cu catalysts are effective for transfer hydrogenation of p-cresol and

furfural.

2.6.2 Reaction conditions

The chemical make-up of aromatic product mixtures can be modified not only
by varying or modifying the catalyst, but also by the altering the solvent and other
process parameters like temperature and pressure. The solvent employed greatly
influences the product distribution in lignin depolymerization. For example, basic
solvents such as methanol reduce the catalytic activity for hydrogenation of aromatic
products but do not affect the hydrogenolysis of ether bonds and improve the
selectivity towards phenols (Shen et al. 2016). In addition, the degree of
delignification, retention of (hemi-)cellulose as pulp, and selectivity to monophenolics
are all impacted by the solvent system (Renders et al. 2017). Schutyser et al. (2015)
investigated the role of various solvents as the determining factor for optimal

conversion of wood for both high carbohydrate retention and efficient delignification.
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In this study, a range of solvents were tested via RCF of birch sawdust in the presence
of Pd/C catalyst at 200 °C under a hydrogen atmosphere for 3 hours. Close
observation of solvent effects revealed a relationship between high polarity and
increased delignification capability, with excessive polarity resulting in carbohydrate
loss. To account for the products of conversion, an empirical descriptor was utilized to
rank the solvents based on their process efficiency and the value for methanol was
found to be 80% - the maximum value among the solvents tested. Renders et al.
(2016) investigated the influence of alcohol and water on the RCF of poplar wood. In
this study, 2 g of pre-extracted sawdust was reacted with 0.2 g of catalyst powder
(Pd/C) in a range of solvent mixtures (40 mL) comprised of different volumetric ratios
of MeOH/water or EtOH/water. The authors obtained higher product yields in lignin
conversion while MeOH and EtOH were mixed with water compared to any one solvent
used on its own, MeOH and EtOH displaying very similar maximal degrees of
delignification for water concentrations between 30 and 70 vol.%. At mild
temperatures, the addition of water to an alcohol solvent significantly enhanced lignin
extraction, due to the polarity of the mixture. Van den Bosch et al. (2017) analyzed the
RCF process in detail to investigate the specific roles of catalyst and solvent to

determine the potential of commercial Ni/Al,O3 pellets. In this study, the authors

performed reactions on birch sawdust and in methanol focusing on a range of ways to
incorporate the Ni/Al,O3 catalyst (i.e., in a basket, mixed with solvent, pelletized, or as
a fine powder). Van den Bosch and co-workers observed that the presence of the
Ni/Al2O3 catalyst only slightly increased the rate of bond cleavage, which proceeded
via solvolysis. Under the applied conditions it was unambiguously demonstrated that
the solvent was entirely responsible for the extraction of lignin.
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2.6.3 Catalyst active phase

Typically, heterogeneous catalysts for reductive lignin depolymerization are
composed of noble metals such as Pd (Kim et al. 2015; Schutyser et al. 2015; Parsell
et al. 2015; Van Den Bosch, Schutyser, Koelewijn, et al. 2015; Renders et al. 2016),
Ru (Anderson et al. 2016; Kim et al. 2015; Van den Bosch, Schutyser, Vanholme, et
al. 2015; Liao et al. 2020), or Rh (Anderson et al. 2019; Liao et al. 2020). Albeit Ni-
based catalysts exhibit lower reactivity they also display greater selectivity, particularly
towards aromatic monomers (Chen et al. 2019). Notably, the operating costs of a
biorefinery are extremely sensitive to the cost, stability, and reusability of the
heterogeneous catalyst employed (Cooreman et al. 2020). Ni is currently priced ~96,
~15, and ~3 times less than Rh, Pd, and Ru, respectively (Els 2020). Utilizing noble
metal catalysts supported on carbon has resulted in high monomer yields, but the price

of the catalysts makes their use impractical.

Against this backdrop, several groups have used Ni-based catalysts for the
reductive cleavage of native lignin. Indeed, the RCF of native lignin over Raney Ni (R-
Ni) is detailed in Table 2.3. Abbreviations for primary monomers obtained can be found

in Appendix A.
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Table 2.3. RCF of native lignin over Raney Ni

Total
E(n;)ry Feedstock  Catalyst Solvent T(°C) p(bar) t(h) Primarg/wr:(c)/lr)womers mc;r;;r;er Reference
(Wt.%)
. Maple  SNY Dioxane/M:0(1:1) 173 210H, 6  15%ES, 6% EohS 27 Ffiieb‘;ﬁterlgzg)
5 Aspen RNi  Dioxane/Hz0 (1:1) 220 35H2 5  29%PS, 13% PohS 59 (Sptggsirgag
3 Spruce RNi  Dioxane/H20 (1:1) 195 35H, 5 pmpaniz;/&i}q e 17 (Eggpfé 7acr)m)cl
4 Poplar R-Ni  2-PrOH/H.0(7:3) 180 Auto 3 PohS 25 Rﬁiiﬁg.ngrﬂ |
oI o, ceovnord 0 w3 ST g
6 :Sfdig R-Ni 2-PrOH/H20 (7:3) 200 Auto 6 NP NP (Grggig al.
_ Poplar RNi  2PrOH/H:0 (7:3) 200 Auto 3  11%PohS, 10% PonG 34 (S“'thqse; al.
5 zgfdig RN 2PrOH/M:0(7:3) 220 Auto 3 10%ES, 7% PS 36 (el g)t al.

*NP = not provided



Ferrini and Rinaldi (2014) explored a direct biorefining approach that focuses
on producing low-molecular weight lignin intermediates. In this work, wood was
“cook[ed]” in the presence of Raney Ni in 2-propanol (2-PrOH)/H20 at various
temperatures and timeframes (Table 2.3, Entry 4). The lignin in the wood was released
as low molecular weight fragments, which were isolated in a non-pyrolytic lignin oil,
alongside to pulps suitable for enzymatic hydrolysis. A suspension of wood pellets and
Raney Ni catalyst in an aqueous solution of 2-propanol was heated (e.g., 180 °C) and
mechanically stirred for 3 h to yield 25 wt.% lignin oil and 71 wt.% carbohydrate pulp.
The lignocellulosic feed was processed without molecular hydrogen, and the acetone
produced by hydrogen transfer can be hydrogenated to 2-PrOH. The holocellulose
(cellulose and hemicellulose) fraction or pulp was separated and washed with a 2-
PrOH/water solution, a magnet being used to remove Raney Ni from the suspension.
As a final step, the solvent used to extract the non-pyrolytic lignin bio-oil was
evaporated. The authors observed that the lignin had further depolymerized and had
not repolymerized like it does in the industrial organosolv process, concluding that
more research into catalytic biorefining methods has great potential for the production
of alkanes or arenes. The complexity of the low-molecular weight lignin product mixture
is a downside of this approach, although the use of autogenous hydrogen is
advantageous. Cao et al. (2018) proposed an integrated biorefinery scheme, which
involves producing gasoline and kerosene/diesel drop-in fuels in two phases (Table
2.3, Entry 5). In the first step, poplar and spruce were depolymerized over a Raney Ni
catalyst in an isopropanol-water solvent mixture to yield lignin oils and cellulosic pulps.
By adjusting the hydrogen pressure and temperature in the presence of a Ni2P/SiO2

catalyst, the lignin oils were converted to aliphatics or aromatics, respectively.
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Hydrogen self-sufficiency was achieved by gasification of the delignified holocellulose
fraction. The Rinaldi group defined the role of the Raney Ni catalyst in another paper
as inhibiting formic acid synthesis via sugar hydrogenation (Graca et al. 2018) (Table
2.3, Entry 6). Rinaldi and colleagues also achieved proof-of-concept membrane
filtration in 2019 for the separation and concentration of the monophenol-rich fraction
from the lignin liquors (Sultan et al. 2019) (Table 2.3, Entry 7). The same group
investigated the impact of reaction temperature in a subsequent article, using the
same feedstock, catalyst, and solvent mixture (Table 2.3, Entry 8). Higher process
temperatures resulted in higher overall delignification yields (up to 87%), low molar
mass fragments, and preferential hydroxyl group cleavage in monolignol sidechains by
hydrodeoxygenation, providing oils with decreased oxygen concentration (Rinaldi et al.
2019). Raney Ni is widely used in industry due to its high activity, low cost, and ease
of separation; thus, its use in the catalytic conversion of biomass has garnered
significant attention (Sun et al. 2021). However, since the catalyst has a large surface
area and stores a large volume of hydrogen gas, it is extremely pyrophoric and must
be handled with care and never exposed to air to prevent the production of toxic fumes,
which has significant implications for process design and safety as well as operating

costs.

Ni supported on a carbonaceous support (Ni/C) is also frequently investigated
for reductive lignin depolymerization (Table 2.4). Li et al. (2012) investigated various
feedstocks, solvents, and catalysts for reductive lignin depolymerization (Table 2.4,
Entry 1). They found that hardwoods were converted into lignin and carbohydrates
more efficiently than softwood. The monophenol yields increased when the original

water solvent was replaced with methanol or with ethylene glycol.
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In the presence of Ni-W2C/C and ethylene glycol, the lighin component was selectively
converted to monophenols with a yield of 47%. However, the best selectivity (56%) was
obtained when a Pd/C catalyst was used. This process employed 60 bar of hydrogen
gas. Song et al. (2013) investigated a fragmentation-hydrogenolysis approach for
depolymerizing native lignin (Table 2.4, Entry 2). Pre-extracted birch sawdust was
depolymerized in the presence of a Ni/C catalyst and several alcoholic solvents.
Nuclear magnetic resonance (NMR) analysis revealed that lignin was fragmented into
dimers and oligomers via solvolysis and further converted to monophenols by the Ni/C
catalyst. The authors concluded that Ni-based catalysts are highly active and selective
in native lignin conversion. Over a Ni/C catalyst in methanol, the influence of substrate
and catalyst loading was studied (Table 2.4, Entry 3): birch resulted in higher monomer
yields than poplar and eucalyptus, while higher catalyst loading resulted in higher
monomer yields due to the presence of additional hydrogen generated from methanol
reforming (Klein, Saha, and Abu-Omar 2015). Luo et al. (2016) investigated the
effectiveness of Ni-based heterogenous catalysts in the catalytic depolymerization of
lignin (CDL) (Table 2.4, Entry 4). In this study, miscanthus grass was reacted with 5-15
wt.% Ni/C catalysts in methanol at 225°C and 10-35 bar of H2 for 12 hours. Using a
15 wt.% Ni/C catalyst, the three key components of miscanthus (lignin, cellulose, and
hemicellulose) were efficiently transformed (55% overall conversion) into high value
chemicals, with a 68% yield of phenolic compounds from lignin and a mass balance of
98%. Anderson et al. (2016) examined the RCF of corn stover in methanol at 200 and
250 °Cusing a Ni/C catalyst and HzPO4 as co-catalyst to gain insight into the solvolysis
and fragment stabilization mechanisms of the system (Table 2.4, Entry 12). They found

that RCF in the presence of supercritical methanol resulted in moderately higher
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monomer yields with shorter reaction times relative to subcritical reactions at 200 °C.
The total mass of lignin oil obtained was identical to that resulting from extractions in
the presence of a metal catalyst, the direct solvolysis of lignin linkages being observed
when operating without a reduction catalyst. The highest monomer yields were
observed at 3 hours. There were clear trade-offs between lignin extraction levels,
monomer Yyields, and carbohydrate retention in the recovered solids. The
depolymerization of naturally occurring C-lignin, which consists only of caffeyl alcohol
units, was investigated using RCF of vanilla seeds in the presence of Ni/C (Table 2.4,
Entry 9). Only two products (propyl- and propenyl catechol) were obtained with a 21
wt.% lignin monomer yield (Stone et al. 2018). Poplar RCF catalyzed by Ni/C resulted
in cellulose recalcitrance to enzymatic digestion (Table 2.4, Entry 11). Following
gelatinization in trifluoroacetic acid, rates of enzymatic digestion or maleic acid/AlCls-
catalyzed conversion to hydroxymethylfurfural (HMF) and levulinic acid (LA) were
increased. These findings guided the development of a “no carbon left behind” strategy
for converting total woody biomass into lignin, cellulose, and hemicellulose value
streams for future biorefineries (Yang et al. 2019). Birch was effectively depolymerized
in MeOH employing a Ni-Fe/C catalyst with an alloy structure (Table 2.4, Entry 6)
yielding 40% monomer yield and 88% selectivity to 4-propylsyringol and 4-

propylguaiacol (Zhai et al. 2017).
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Table 2.4. RCF of native lignin over Ni-based catalysts

Total
Entry o Primary monomers  monomer
#) Feedstock  Catalyst Solvent T(°C) p(bar) t(h) (WE.%) yield Reference
(Wt. %)
Birch Ni-W2C/C Ethelyne glycol 235 60 H:2 4 18% PS, 10% PohS 47 (Lietal. 2012)

2 Birch Ni/C MeOH 200 1 Ar 6 36% PS, 12% PG 54 (Song et al. 2013)
(Klein, Saha, and Abu-

3 Birch Ni/C MeOH 200 2 N2 6 18% PS, 10% PG 32 Omar 2015)

4 Miscanthus Ni/C MeOH 225 60H, 12 19% PS, 21% PG 68 (Luo et al. 2016)

5 Beech Ni/C MeOH/H,0 (3:2) 200 60 H-2 5 29% PS, 10% PG 51 (Chen et al. 2016)

6 Birch NiFe/C MeOH 200 20H2 6 24% PS, 11% PG 40 (Zhai et al. 2017)

7 Poplar Ni/C MeOH 190 60H: 3 12% PG and PS 17 (Anderson et al. 2017)

8 Poplar Ni/C MeOH 200 30H: 1 8% PS, 5% PG 48 (Anderson et al. 2018)

Vanilla 18% propylcatechol,
9 seeds Ni/C MeOH 250 30 H2 3 3% propenylcatechol 21 (Stone et al. 2018)
Ni-
10 Oak Al203/AC  CH202/EtOH/H,0 190 Auto 3 9% PS, 5% PG 23 C%* (Park et al. 2019)
11 Poplar Ni/C MeOH 225 35H2 12 PS, PG 90 (Yang et al. 2019)
7% methyl ferulate,

12 Corn stover Ni/C MeOH 250 30 H, 3 7% methyl coumarate 29 (Anderson et al. 2016)
(Van den Bosch et al.

13 Birch Ni/Al,O3 MeOH 250 30H: 3 21% PohS, 5% PS 36 2017)

*C% = based on the percentage of C atoms present rather than wt.%



Although most of the catalytic lignin upgrading occurs in batch reactors,
investigations of RCF in continuous systems are essential to inform realistic scale-up
because they may offer time-resolved product distributions and yields. Anderson et al.
(2017) published a report on RCF employing a flow-through system rather than a batch
reactor (Table 2.4, Entry 7). These authors used two flow-through systems: a single-
bed reactor with a biomass bed positioned upstream of a catalyst bed and a dual-bed
reactor with switchable biomass beds physically isolated from the catalyst in a
separate upstream reactor. In this study, RCF of poplar using a Ni/C catalyst in
methanol solvent afforded a monomer yield of 17% (mostly propyl substituted guaiacol
and syringol). Flow-through experiments, it was found, enabled the detection of
biomass extraction intermediates, the decoupling of solvolysis and hydrogenolysis,
simple catalyst recovery and recyclability, and the elucidation of catalyst deactivation
mechanisms (Anderson et al. 2017). Anderson and co-workers continued to build
continuous systems and conducted kinetic investigations of RCF in flow-through
reactors, which indicated that the two limiting mechanistic stages, lignin solvolysis and
reduction, can be regulated independently (Table 2.4, Entry 8). The difference in
activation barriers between flow and batch reactors revealed that lignin extraction was
mass transfer-limited under normal RCF conditions (Anderson et al. 2018). In another
contribution (Table 2.4, Entry 10), formic acid was used as a hydrogen source and as
a co-catalyst alongside Ni-AloO3/AC, and a direct relationship was observed between
spillover hydrogen on the catalysts and lignin-derived phenolic monomer yields (Park

et al. 2019).
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Although many of these publications highlight results near a theoretical yield
(assuming only -O-4 bonds are broken), the use of carbon-supported metal catalysts
is undesirable since the regeneration catalyst deactivated through coking and fouling,
is typically performed via the combustion of the carbonaceous deposits in hot air,

which would inherently lead to the destruction of the catalyst support.

2.6.4 Catalyst support effects

The nature and roles of the carrier employed to prepare supported metal
catalysts are crucial. Catalytic activity is intrinsic to the atomic layers constituting the
surface of the catalyst. To preserve the surface area and thus the activity of the catalyst
for a longer period, metals and oxides are typically deposited onto a thermally stable
support that keeps active particles separated (Bowker 1998). Additionally, the support
can impact the catalytic activity via steric and/or electronic effects. Activated carbon
(AC) is one of the most common supports for biomass upgrading due to its high surface
area and microporosity. Favorable characteristics in other common supports -

including metal oxides such as alumina (Al,O3) - are the presence of mesopores, high

thermal stability, and ability to be shaped into different structures. Oxidic supports,
which are easily recyclable, are the more practical option for widespread industrial
application (especially since they facilitate coke removal). The Lewis acid sites in the
alumina support have also been found to play a significant role in the depolymerization
of lignin, leading to an increase in the amount of low molecular weight compounds
produced (Gale, Cai, and Gilliard-Abdul-Aziz 2020; Shen et al. 2016). Solubilization,
depolymerization, and stabilization of birch lignin in methanol by a Ni/Al-Oz-catalyzed

system were determined to be catalyzed by hydrogenation of reactive intermediates,
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whereas the solvent was revealed to be responsible for the first two steps. A catalyst
basket aided in the recovery and reuse of the Ni/Al2O3 pellets, which were easily
regenerated via calcination. In addition, this catalytic reduction system was found to

minimize undesired repolymerization reactions (Van den Bosch et al. 2017).

2.7 Conclusion

This chapter provided an overview of the main hydrogenolysis-based technique
- i.e., reductive catalytic fractionation (RCF) - used to convert native lignin into
compounds with low molecular weight using Ni-based catalysts. The commercialization
of lignin-derived fuels and chemicals necessitates the development of catalysts that
increase the selectivity of C-O bond hydrogenolysis products while limiting monomer
re-polymerization. However, the complex physiological properties of lignocellulosic
biomass present a formidable challenge. Therefore, a catalyst system that is active,

selective, and cost-effective is required.

To convert lignocellulosic biomass to fuels and chemicals, scientists and
engineers have exerted a great deal of effort in this area of research and developed
many cost-effective Ni catalysts due to the excellent hydrogenation/hydrolysis
activities of nickel. However, catalyst efficiency and stability still show room for
improvement. For lignin valorization, bifunctional catalysts with metal active sites and

acid sites, such as Ni/Al,03, have recently afforded promising results.
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Given that the metal active sites and acid properties of the support can be
tuned, thereby increasing the stability and selectivity toward platform monophenolics,
the incorporation of earth-abundant promoters such as Cu and Fe -- which offer
attractive synergetic effects when alloyed with Ni - represents a compelling way to

advance lignin catalytic depolymerization research.

This study investigates the ability of Cu and Fe to enhance the performance of
a 20% Ni/alumina catalyst in the reductive catalytic depolymerization of lignin present
in whole cell biomass (i.e., native lignin) to phenolic monomers in sub- and super-
critical methanol. Saliently, catalyst characterization - through techniques including
No-physisorption, X-ray diffraction, and temperature-programmed reduction and
desorption - were used in an effort to identify the structure-activity relationships
underlying the performance of these catalysts in the reductive depolymerization of

lignin.
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CHAPTER 3. MATERIALS AND METHODS

3.1 Commercial chemicals and materials

All commercially available chemicals were used as received without additional
purification. Dichloromethane (99.5%), tetrahydrofuran stabilized with BHT (99%),
hexane (98.5%), methanol (99.8%), isopropyl alcohol (99%) and sulfuric acid (95-98%)
were purchased from BDH VWR Chemicals. N, O-bis(trimethylsilyltrifluoroacetamide
(98.5%) and ethanol (100%) were purchased from Sigma Aldrich. Pyridine (99%) was
purchased from Fisher Scientific. The analytical grade calibration standards purchased

to quantify results obtained from liquid product analysis are listed in Table 3.1.

Nickel (ll) nitrate hexahydrate and iron (lll) nitrate nonahydrate were purchased
from Alfa Aesar. Copper (Il) nitrate trinydrate was purchased from Sigma Aldrich. SASOL
provided y-alumina (BET surface area of 210 m2/g). De-ionized water (DI) was used in

the reaction systems.

Debarked hybrid poplar (NM6) wood shavings were obtained from the

University of Wisconsin.
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Table 3.1. Analytical grade authentic standards purchased to quantify monomeric
products in lignin oil via GC-MS.

Analytical standards Purity (%) Supplier
4-n-Ethyl guaiacol 98 Sigma Aldrich
4-n-Ethyl syringol 95 Sigma Aldrich

4-n-Propanol guaiacol 97 Sigma Aldrich
4-n-Propanol syringol 95 Sigma Aldrich
4-n-Propyl guaiacol 99 Sigma Aldrich
4-n-Propyl syringol 95 Sigma Aldrich
Coniferyl alcohol 98 Sigma Aldrich
Eugenol 99 Sigma Aldrich
Ferulic acid 99 Oakwood chemical
Guaiacol 99 Sigma Aldrich
Isoeugenol 98 Sigma Aldrich
Methyl 2-(4-hydroxy-3,5-dimethoxyphenyl) acetate 95 Chemspace
Methyl homovanillate 95 Sigma Aldrich
Syringaldehyde 98 Sigma Aldrich
Syringol 99 Sigma Aldrich
Syringyl alcohol 97 Fisher Scientific
Vanillic acid 97 Sigma Aldrich
Vanillin 99 Acros Organics

3.2 Pretreatment and compositional analysis of lignocellulose

Using a high-speed electric grain mill grinder (Amazon.com), milling and sieving
procedures were performed to reduce and homogenize the size of air-dried

lignocellulose such that it could pass through a 300-micron sieve.

Adapted from Van den Bosch et al. (2017), a Soxhlet extraction was executed
to remove extractives, such as, fats, resins, waxes, and terpenoids/steroids that can

affect subsequent determination of Klason lignin.
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Typically, 2-3 g of finely sieved biomass was loaded into a fritted glass thimble and
extracted in a KIMAX Soxhlet extraction apparatus with a mixture of toluene and
ethanol (1:1). In a typical Soxhlet extraction, the extraction thimble containing the
sample is gradually filled with condensed fresh solvent from the distillation flask
because of the solvent reaching boiling temperature in the closed system (i.e., reflux).
Once the thimble is submerged in the solvent, a siphon aspirates the contents of the
thimble and carries it back into the distillation flask, which is then repeated until
complete extraction is achieved (Luque de Castro and Garcia Ayuso 2000). The initial
introduction of solvent to the thimble via condensation takes a considerable amount
of time, therefore, prior to a 24-hour extraction, a wet step was introduced in which
samples were completely submersed in the solution to improve the overall speed of
extraction. Once cooled to room temperature (< 24 °C), the samples were washed
with approximately 150 mL of hexane and then dried overnight in a vacuum oven at

80 °C.

The amount of lignin contained in lignocellulose was determined by the Klason
lignin method. In lignin depolymerization literature, product yields are typically based
on the amount of acid insoluble lignin, also known as Klason lignin, present in the
lignocellulose sample (Abu-Omar et al. 2021). Adapted from Van den Bosch et al.
(2017) and performed in triplicate, approximately 1 g of previously extracted biomass
was transferred to a 25 mL flask after which 15 mL of 72 wt.% sulfuric acid solution
was added along with a magnetic stir bar. The mixture was continuously stirred at room

temperature for 2 hours.
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With 60 mL of DI water, the contents of the flask were transferred to a 500 mL round
bottom flask containing 300 mL of DI water - resulting in a 3 wt.% concentration of
sulfuric acid solution. The diluted solution was boiled for 4 hours under reflux
conditions, to maintain constant volume and acid concentration, and then left to cool
to room temperature overnight. The brown lignin precipitate retained after vacuum
filtration of the acid solution was then washed with hot DI water (approx. 85-99 °C) to
remove any residual acid (determined with pH strips). The obtained solids were then
dried in a vacuum oven at 80 °C overnight. The lignin content was determined relative
to the oven dried substrate (i.e., acid insoluble lignin) by averaging the measured

weight of the oven dried substrates (Equation B1).

The S/G content of lignin was determined at the National Renewable Energy
Laboratory (NREL). Approximately 4 mg of extractive-free lignocellulose samples were
pyrolyzed using a Frontier PY2020 unit at 500 °C for 30 seconds in 80 uL deactivated
stainless steel cups and analyzed in duplicate. Mass spectral data was acquired using
an Extrel Super-Sonic MBMS Model Max 1000 and processed using Merlin Automation
software (V3). Spectra were collected from m/z 30 to 450 at 17 eV. Lignin content was
estimated relative to a representative NIST standard of known Klason lignin content
by summation of mean-normalized ion intensities of m/z 120, 124 (G), 137 (G), 138
(G), 150 (G), 152, 154 (S), 164 (G), 167 (S), 168 (S), 178 (G), 180, 181, 182 (S), 194
(S), 208 (S) and 210 (S) where G denotes primarily guaiacyl-derived ions, S denotes
primarily syringyl-derived ions, and other ions either derive from other lignin monomers
or multiple sources. Syringyl to guaiacyl (S/G) ratios were determined by dividing the
sum of S-based ions by the sum of G-based ions using mean-normalized ion intensities

(Harman-Ware et al. 2020).
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The elemental contents of the lignocellulose were measured with a LECA

CHNG628 and a micro thermogravimetric analyzer (TA instruments, Inc.).

3.3 Catalyst preparation

Catalysts were prepared via excess wethess impregnation. The metal
precursors for the catalysts were Ni (NOz)2 ¢ 6H20, Fe (NO3)z * 9H20, and Cu (NO3)2
* 3H20, with y-Al203 (BET surface area of 210 m2 g1) serving as the support material.
Nickel loading was held constant at 20 wt.% across all metal catalysts, and metal
promoter loading was held constant at 5 wt.% across all catalysts. Contents were
added to a round bottom flask and mixed with approximately 15 mL of DI water for 3
hours. The DI water was then removed via rotary evaporation and catalyst samples
were dried further in a vacuum oven at 60 °C overnight. The green catalyst was then
calcined at 500 °C for 3 hours in static air, and then finely ground to pass through a

150-micron sieve.

For simplicity, these catalysts will be henceforth referred to as Ni-only, Ni-Cu,

and Ni-Fe, respectively.

3.4 Catalyst characterization

All catalyst characterization measurements were performed using calcined
catalyst samples. The elemental compositions of catalyst samples were analyzed by
Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) (Hou et al. 2021)
on a Varian 720-ES analyzer equipped with a Sample Preparation System (SPS3)

autosampler.

43



Prior to ICP-OES analysis, 0.1 g of catalyst sample was weighed into a
Polytetrafluoroethylene (PTFE) beaker before adding 10 mL each of hydrochloric and
nitric acids. The solution was digested on a hotplate (90 °C) for at least 30 minutes or
until the liquid level had condensed to 5 mL. The samples were then cooled to room
temperature and diluted to a total of 25 mL. Osmium was employed as the internal
standard to improve the accuracy of the analytical data by correcting for variability

between calibration standards and samples.

Textural properties such as surface area and pore volume of the catalysts were
analyzed through Na2-physisorption (Bowker 1998) on a Micromeritics Tri-Star 3000
analyzer. A sample of 100 mg of catalyst was degassed at 160 °C under N2 flow in a
Micromeritics Flow Prep 060 degasser. The degassed sample was then subjected to
No-physisorption at -196 °C. Results were calculated through the Brunauer-Emmett-
Teller (BET) method to determine the surface area and pore volume (Brunauer,

Emmett, and Teller 1938; Bowker 1998).

The average crystallite, or particle, size of the NiO nanoparticles was calculated
by applying the Scherrer equation (Patterson 1939) to the NiO peaks observed in
powder X-ray diffractograms, which were acquired using Phillips X’'Pert diffractometer

using Cu Ka radiation at A=1.54 A (0.154 nm) and a step size of 0.02°.

The following temperature programmed techniques were performed on a
Micromeritics AutoChem Il analyzer. The reducibility of the catalysts was studied using
temperature-programmed reduction (H2-TPR) analysis (Pirola, Galli, and Patience

2018).
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A 100 mg sample of green catalyst was placed in a U-shaped quartz reactor and heated
in a reducing atmosphere (100 cm/min of a mixture of 10% H> and 90% Ar) at a
constant heating rate of 10 °C/min to a final temperature of 900 °C. The temperature
was monitored using a thermocouple positioned in the catalyst bed. Changes in the
hydrogen concentration at the reactor outlet were recorded using a thermal
conductivity detector (TCD). After the catalysts were reduced at 350 °C (the same
reduction temperature used in the catalytic depolymerization experiments), the
amount of metallic Ni present on the surface of the catalyst samples was assessed
using Ha chemisorption. Adapted from Morgan et al. (2012), 250 mg of fresh catalyst
was reduced under 10% Hz/Ar flow at 350 °C for 1 hour. The U-shaped quartz reactor
was then purged with Ar at 450 °C for 30 minutes and then cooled under flowing Ar to
45 °C. Once the TCD signal stabilized, 0.025 mL (STP) of 10% Hx/Ar was then pulsed
into the Ar carrier gas flowing to the reactor at 50 mL/min flowing through the catalyst.
Pulsing was continued at 3-minute intervals until the area of the H2 peaks remained
constant.  Temperature-programmed  desorption of ammonia  (NH3-TPD)
measurements were performed to assess the acid sites on the catalyst surface. A mass
spectrometer detector (Thermostar) was employed to track several m/z signals,
namely m/z = 44, 28, and 15, respectively corresponding to CO2, CO, and NH3z (CO2
contributions to m/z 28 were subtracted to afford the NH3-TPD trace). Prior to NH3
adsorption, calcined catalysts were reduced at 350 °C for 3 hours under a flow of 10%
Ho/Ar (60 mL/min), adsorbed hydrogen was removed from the surface by flushing the
system at 450 °C for 30 minutes with 60 mL/min of Ar, and the catalyst bed was
cooled to 50 °C using the same gas flow. At that temperature, NH3 adsorption was

conducted by flowing 50 mL/min of 1% NHz/N2 for 1 hour.
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Following that, the system was purged for 1 hour with 200 mL/min of Ar to remove
physically adsorbed NHs. TPD measurements were then performed by raising the
catalyst temperature from 50 to 500 °C at a rate of 10 °C/min. The area under the
curve was integrated to determine the total acidity of the sample from its NHs

desorption profile.

3.5 Catalytic activity testing
3.5.1 RCF experiments

Prior to depolymerization experiments, 100 mg of catalyst powder (particle size
<150 um) was added to a 50 mL stainless steel stirred batch microreactor (Parr
Instruments Co.). After removing all traces of oxygen by flushing the reaction vessel
three times with Ha, the vessel was sealed, and the catalyst was reduced at 350 °C
for 3 hours in the presence of 10 bar of static hydrogen. Upon completion of the 3-
hour reduction step, the reactor was cooled with an ice bath to room temperature. To
prevent the re-oxidation of the now metallic Ni (e.g., Ni%) catalyst back to NiO (e.g.,
Ni2+), the following steps were taken to reduce the amount of oxygen drawn into the
reactor upon addition of 25 mL of methanol and 1 g of lignocellulose (particle size
<300 um) for depolymerization experiments: (1) Three purges were performed with Ar
to remove any lingering H2 and provide an anaerobic barrier for the catalyst (Note: at
STP, the density of Arand O2is 1.78 g/L and 1.43 g/L, respectively): (2) Methanol and
lignocellulose were added to the reactor in quick succession after the vessel was
opened: and (3) The reactor was quickly resealed and purged three times with Ho
before being pressurized to 30 bar H2 and heated to the desired reaction temperature

of 200 or 250 °C.
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The reaction temperature was measured by a type-J thermocouple housed in the
reactor body. Mechanical stirring of 750 RPM was maintained by a magnetic stirrer
during each experiment. At the end of these reactions (to; T = 200 or 250 °C), which
lasted 3 hours, an ice bath was used to cool the reactor to room temperature (24 °C)
before depressurizing the system. After the reaction, the monomers were extracted by

DCM and analyzed by the procedures below.

3.5.2 Product separation and characterization

Separation of the solid fraction, containing carbohydrate pulp and the spent
catalyst, from the liquid fraction, containing the lignin oil and some soluble sugar
products was done via vacuum filtration (40-mesh filter paper). To collect the entire
liquid fraction, the solid fraction was washed with additional methanol (approx. 40 mL).
Methanol was removed from the filtrate via rotary evaporation to yield a brownish oil
containing some soluble sugar products as well as phenolic monomers and oligomers,

hereafter referred to as ‘crude oil.’

The recovered solids are the fraction of the total biomass that were insoluble in
methanol following the reaction. Polysaccharides make up most of these solids.
Because the catalyst is difficult to separate from this solid combination, the weight of
the catalyst was deducted from the total weight of dried solids (Equation B2). After
separation, the solid product mixture was washed with methanol as stated above and
dried in an oven overnight at 60 °C. The recovered solids composed of spent catalyst
and carbohydrate pulp were submitted for CHN analysis to determine the elemental

composition of the recovered solids.
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The crude oil was dissolved in a solution of equal parts DI water and DCM at a volume
ratio of 1/3/3 (crude oil/DCM/water) to separate the soluble sugars present in the
water phase from the lignin-derived products present in the DCM phase. Approximately
5 mL of brine (a typical saturated solution of DI water and NaClz) was added to improve
separation. After the DCM phase was separated, the water phase was extracted two
additional times with approximately 10 mL of DCM each time. Each separated DCM
phase was subjected to additional filtration and passed through anhydrous
magnesium sulfate to remove any residual water. After separation, DCM was removed
via rotary evaporation. The resulting oil yield, defined as lignin oil, which contained both
phenolic monomers and oligomers, was used as a metric to describe the extent of

lignin extraction (i.e., delignification degree).

3.5.3 GC-MS analysis of liquid products

The product distribution and quantification of detectable monomeric products
was determined using a Gas Chromatograph (GC, Agilent 7890) coupled with a Mass
Spectrometer detector (MS, Agilent 5975C). The column used in the GC was a 70 DB-
1701 (60 mx 0.25 mm x 0.25 ym or 15 m x 0.25 mm x 0.25 ym as appropriate). The
carrier gas was helium, and the flow rate was set to 1 mL/min for the 15 m column.
The inlet temperature for the 60 m column was maintained at 300 °C using a method
consisting of 45 °C for 3 min, a ramp to 280 °C at 4 °C/min, and a 10-minute hold.
The inlet temperature of the 15 m column was kept at 280 °C with a temperature
ramp of 60 °Cto 80 °C at 2 °C/min, then to 110 °C at 3 °C/min, followed by a 20

°C/min ramp to 190 °C, and finally at 2 °C/min, reaching 230 °C.
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The lignin oil was initially dissolved in tetrahydrofuran (THF) (5 mg/mL), and
then dissolved further depending on the opacity of the scintillation vial to avoid
clogging the GC column. Quantification of monomeric products in lignin oil samples
was performed using Enhanced Chemstation Software (Agilent Technologies, Inc.).
Commercially obtained analytical standards (Table 3.1) and n-dodecane were used to
develop an internal standard calibration method. For non-commercially available
monomers (such as sinapyl alcohol and 4-propenyl syringol), response factors were
inferred based on the response factor on analogues. Product identification was
conducted using the spectra library of the National Institute of Standards and

Technology (NIST, Version 2014).

Analytical standard solutions were prepared with THF in which the
concentration of each of the standard solutions were approximately 10 mg/mL. At
least six calibration levels were performed by dilution of the stock solution for each
standard compound ranging from 0.03 to 2 mg/mL. Prior to GC-MS analysis, all
aliquots of lignin monomer standards, lignin oil products, and respective calibration
samples were derivatized using 100 uL of BSTFA and subsequently heated in an oven
at 60 °C for at least 30 minutes; a few drops of pyridine were used to catalyze the
trimethylsilyation (TMS) reaction. The yield and selectivity of monomers were
calculated using Equation B4 and Equation B5, respectively. The yield of oligomers
was determined gravimetrically as the difference in mass between the lignin oil and

phenolic monomers (Equation B6).
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CHAPTER 4. RESULTS AND DISCUSSION

4.1 Catalyst characterization

The characterization of the three catalyst types were similar, regardless of the
addition of Cu or Fe, shown in the textural properties and metal dispersion (Table 4.1)
and in the metal loading (Table 4.2). It was observed that the additional Cu or Fe had
minimal effect on the textural properties of the promoted Ni catalyst. Consistent with
their total metal loadings and the fact that all catalysts were prepared using the same
alumina support, the surface area, pore volume, and pore size of all catalysts fall in
narrow ranges. Consequently, the effects caused by the minor differences in these

properties on catalyst performance should also be minimal.

Table 4.1. Textural properties and metal dispersion of the fresh catalysts studied.

N2 Physisorption

Avg. NiO particle

Active Phase BET surface Pore volume Avg. pore size (nm)*
area (m2/g) (cm3/g) diameter (nm)
Ni-only 170 0.30 5.8 4.2
Ni-Cu 165 0.28 5.7 9.6
Ni-Fe 185 0.32 5.8 3.9

*As measured from the powder X-ray diffractograms of the catalysts calcined under
static air for 3 h at 500 °C.
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Table 4.2. Elemental composition of the catalysts* studied via ICP-OES.

Metal Loading (%)

Active Phase

Nominal Measured* *
Ni-only 20 21.9
Ni (Cu) 20 (5) 21.9 (5.51)
Ni (Fe) 20 (5) 20.5 (4.35)

*Calcined under static air for 3 h at 500 °C; **Measurements taken in triplicate
(SD: Ni-only = + 1.3; Ni-Cu = £ 0.1, 0.6; Ni-Fe = + 0.1, 0.6).

Figure 4.1 depicts the X-ray diffractograms of the fresh catalysts. The
diffractograms were recorded with fresh catalysts in their oxidized (as opposed to
reduced) form, therefore it is unsurprising that all Ni observed is in the form of NiO.
Indeed, the three diffractograms exhibit many peaks at 37.2°, 43.3°, 62.9°, 75.4°,
and 79.4°, which correspond to NiO (Vizcaino, Carrero, and Calles 2007). Diffraction
peaks corresponding to Fes0s4, and Ni-Fe alloy phases are absent from the
diffractogram of the Ni-Fe catalyst because these phases are only expected in reduced
catalysts (Yu, Chen, and Ren 2014; Han et al. 2019; Vizcaino, Carrero, and Calles
2007; Wang et al. 2011). Additionally, the absence of peaks associated with Fe203
indicates that Fe is highly dispersed. Similarly, the absence of peaks associated with
a CuO phase (Carrero, Calles, and Vizcaino 2007) in the diffractogram of the Ni-Cu
catalyst is also attributable to Cu being highly dispersed (Vizcaino, Carrero, and Calles

2007; Lee et al. 2004).
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Figure 4.1. X-ray diffraction patterns of alumina supported catalysts. Ni-only (grey,

bottom), Ni-Cu (red, middle), and Ni-Fe (blue, top). The dotted lines indicate NiO peaks
and y symbol indicates alumina support peaks.

The influence of promoter addition on the average particle size of NiO was
investigated by applying the Scherrer equation to the NiO peak at 37.2° in each X-ray
diffractogram shown in Figure 4.1. Notably, the NiO particle size in the Ni-Cu catalysts
(9.64 nm) was much larger than the NiO particle size in the Ni-only and Ni-Fe
formulations (4.21 and 3.86 nm, respectively). This is congruent with the findings of
Loe et al. (2016), who reported that the Cu promotion led to an increase in the NiO

particle size.
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The TPR profiles depicted in Figure 4.2, indicate that both Cu and Fe promotion
lowers the reduction temperature of NiO in the catalyst under study. The TPR profile
for the monometallic Ni catalyst reveals three different reduction events: (1) a small
signal with a local maximum at 240 °C attributable to the reduction of large Ni
ensembles (Rynkowski, Paryjczak, and Lenik 1993); (2) a broad reduction peak
attributable to the reduction of NiO to metallic Ni, with a maximum of 575 °C
(Rynkowski, Paryjczak, and Lenik 1993); and (3) an indistinct shoulder around 700 °C
attributable to the reduction of a nickel aluminate phase (NiAl204) which is formed
from the reaction of NiO with the alumina support (Zielinski 1982). The TPR profile for
the Ni-Cu catalyst reveals five main reduction events: (1) a sharp peak at 180 °C
attributed to the reduction of copper oxide to copper metal (Vizcaino, Carrero, and
Calles 2007; Loe et al. 2016); (2) a definite shoulder with a local maximum at 225 °C
indicating the reduction of large NiO and/or NiO-CuO ensembles (Rynkowski,
Paryjczak, and Lenik 1993); (3) a broader peak with a maximum at 390°C attributed
to the reduction of a NiO-CuO phase (Li et al. 1998); (4) another broad peak with a
local maximum at 500 °C attributed to the reduction of NiO to Ni metal (Rynkowski,
Paryjczak, and Lenik 1993); and (5) a small shoulder around 700 °C signaling the
reduction of a NiAl2O4 phase (Zielinski 1982). In summary, the addition of Cu
decreases the reduction temperature of NiO, consistent with previously reported
observations (Loe et al. 2016). In turn, the decrease in the reduction temperature of
Ni caused by the addition of Cu results in the formation of more Ni(O) or active metal

sites on the surface of the catalyst (Loe et al. 2016).
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The TPR profile for Ni-Fe also reveals several reduction events, including: (1) a small
and broad peak at 225 °C corresponding to the reduction of large NiO ensembles;
(2,3) an exceptionally large and broad peak ranging from 300 °C to 675 °C with a
more prominent peak at 360 °C and a broader peak at around 550 °C, which
represents the simultaneous reduction of iron oxide and nickel oxide leading to the
formation of a Ni-Fe alloy (Yu, Chen, and Ren 2014); and (4) another small shoulder

around 700 °C attributed to the reduction of a NiAl2O4 phase (Zielinski 1982).
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Figure 4.2. Temperature programmed reduction profiles of alumina supported Ni-only
(grey), Ni-Cu (red), and Ni-Fe (blue) catalysts.
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H> chemisorption was performed on the catalysts utilized in this investigation
to determine the number of active sites on the catalyst surface after reduction at
350°C (the reduction temperature employed before catalyst testing). Table 4.3
displays the measured Ho uptake for each catalyst, the Ni specific surface area
calculated from uptake of Ho, and the amount of metal active sites (calculated based

on the assumption of Hz dissociative adsorption (Yang and Whitten 1993)).

Table 4.3 Pulsed H2 chemisorption results of the catalysts screened for the
depolymerization of lignin.

Active Phase H2 Adsorbed, Ni specific surface  No. of active metal

(mL/g STP) area (m2/g) sites per g catalyst
Ni-only 0.09 3.05 4.7x1018
Ni-Cu 0.20 6.98 1.1x1019
Ni-Fe 0.12 4.26 6.6x1018

The promotion of Ni with Fe merely boosts the uptake of H2 from 0.09 to 0.12
mL/g and increases the number of adsorption sites from 4.7x1018 per gram to
6.6x1018 per gram. In contrast, the promotion of Ni with Cu raises the uptake of Hz
from 0.09 to 0.20 mL/g and augments the number of adsorption sites from 4.7x1018
per gram to 1.1x1019 per gram. The greater amount of Hz adsorbed at this temperature
achieved through the addition of Cu is consistent with the lower reduction temperature

displayed by the Ni-Cu catalyst relative to its Ni-only and Ni-Fe counterparts.

The acidic properties of the catalyst samples were studied using the
temperature-programmed desorption of ammonia (NH3-TPD). The NH3-TPD profiles
acquired are shown in Figure 4.3. Relative to the reference Ni-only sample, the Ni-Cu

and Ni-Fe NHs-TPD profiles show a greatly reduced area under the curve,
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which suggests that the addition of Cu or Fe considerably diminishes surface acidity
(as confirmed by the values in Table 4.4). For these catalysts, the chemical make-up
of the support material is the main source of catalyst acidity (Verhaak, van Dillen, and
Geus 1993). Acid sites are expected to be neutralized due to the introduction of
promoters (Bowker 1998) and thus, the reduced acidity of Ni-Cu and Ni-Fe catalysts
was to be expected. In other words, since the acid sites are associated with the
alumina support, the fact that acidity decreased upon addition of Cu or Fe to Ni
suggests that these metals occupy acid sites that remain available in the monometallic
Ni catalyst. Notably, this is not an undesirable result. Indeed, acidic supports typically

favor char formation (Narani et al. 2015), which makes it important to moderate

acidity.
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Figure 4.3. Temperature programmed desorption of ammonia profiles of alumina
supported Ni-only (grey), Ni-Cu (red), and Ni-Fe (blue) catalysts.
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Table 4.4. Relative acidity* of the fresh catalysts screened for lignin depolymerization.

Active phase Acidity, umol/g catalyst
Ni-only 205
Ni-Cu 47.7
Ni-Fe 53.3

*Estimated by applying Equation B8 to NH3-TPD profiles in Figure 4.3.

4.2 Catalytic activity testing

In an effort to determine how the Cu or Fe promotion of alumina-supported Ni
catalyst impacts their ability to depolymerize native lignin to monophenols, we
investigated their performance in the reductive depolymerization of lignin contained in
hybrid poplar lignocellulose at two temperatures (200 and 250 °C) corresponding to

sub- and supercritical methanol (T-critical = 239 °C; P-critical = 81 bar).

These tests were carried out using a Ni/y-alumina catalyst (with a metal loading
of 20 wt.% for Ni and 5 wt.% for Cu and Fe) prepared in-house. Such supported Ni
catalysts have displayed promising performance in hydrotreating experiments (Van
den Bosch et al. 2017). Furthermore, the use of Ni as an active phase not only helps
to stabilize lignin monomers, but also helps to generate hydrogen via the methanol
reforming reaction (CHsOH+H,0->CO2+3H2). Promoted Ni catalysts are also
advantageous due to their low cost in comparison to precious metals, to which Ni

exhibits comparable yields when promoted with Fe or Cu (Chen et al. 2019).
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Hybrid poplar (NM6) is a short-rotation woody crop characterized by its rapid
growth and promising potential as an alternative source of renewable energy due to
its high S-type monolignol content. Lignin that is primarily composed of S-type
monolignols, such as hardwoods, contains a higher proportion of easily cleavable (3-O-
4 bonds, which are the primary linkage targeted for depolymerization (Schutyser et al.
2018). Therefore, genetically modifying poplar to contain an even greater abundance
of S-type monolignols, as is the case with NM6 hybrid poplar, should result in higher
yields of low molecular weight products. Therefore, NM6 hybrid poplar represents an
excellent substrate to test the depolymerization efficiency of the catalysts in this study.

The critical conditions of methanol are lower than those of water, which offers
a pathway to supercritical reactions performed under milder conditions. Supercritical
methanol has not only been found to be an efficient medium for converting woody
biomass to lower molecular weight products (Minami and Saka 2003; Minami,
Kawamoto, and Saka 2003), but it can also work synergistically with Ni-Cu catalysts to
facilitate the complex set of chemical reactions required for lignin depolymerization

(Barta et al. 2010).

While monomer yield is a key indicator of the amount of usable lignin that can
be converted into fuels and chemicals, the degree of lignin extraction can be quantified
by calculating the total lignin oil yield (Equation B3). In addition, the yield of residual

carbohydrate solids reveals the level of polysaccharide solubilization.
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4.3 Influence of process conditions and catalyst promotion
4.3.1 Product yields

Figure 4.4 depicts the monomer yields and degree of saturation of the propene
side chain of the aromatic monomers produced over the Ni-only, Ni-Cu, and Ni-Fe
formulations, as well as in the absence of a catalyst (blank runs) at the two reaction

temperatures investigated. The yield of lignin oil and recovered solids is also depicted.
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Figure 4.4. Poplar RCF over Ni-based catalysts. Total monomer yields (‘x’), lignin oil
yield (black circle), and solids retention (yellow square) are shown. The yield of
saturated and unsaturated propyl aromatic monomers by weight is respectively shows
in dark and light shading on the bars. The white fraction of the bars designated as
‘other’ corresponds to methyl paraben (MP)- and p-hydroxybenzoate (pHBA)-derived
compounds, as well as to phenolic aldehydes/acids. All yields are from 3-h reactions
in methanol at 200 or 250 °C.
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The high selectivity to saturated monomers is consistent with the fact that Ni is
an active hydrogenation catalyst at these conditions (Anderson et al. 2016). Promotion
with Fe resulted in the maximum yield (32 wt.%) of monomers at 200 °C, but also in
the lowest degree of delignification (30 wt.%) observed among the catalyzed runs
performed at this temperature. Meanwhile, the Ni-Cu catalyst afforded the highest
degree of delignification (36 wt.%), but a reduced yield of monomers relative to the Ni-
Fe formulation (27 vs. 32 wt.%). The Ni-only catalyst performed comparably to Ni-Cu in
terms of delignification (34 vs. 36 wt.%), but in terms of monomer yield it only produced
23.5 wt.%, which is the lowest among all catalysts tested at 200 °C. The presence of
promoters does not seem to significantly impact the yield of recovered solids at 200

°C.

The depolymerization activity of the Ni catalysts was also investigated at 250
°C. At this temperature, methanol is in the supercritical phase. The autogenous
pressure is 80 bar at the start of the reaction (when the temperature reaches 250 °C).
Regarding the yield of lignin oil, similar patterns were observed at both 200 and 250
°C, indicating that the introduction of promoters has a similar effect on the degree of
delignification irrespective of the reaction temperature. However, the lignin oil yield
was higher overall at 250 °C than at 200 °C, which makes clear that lignin oil yield
can be increased through the use of supercritical conditions. Supercritical methanol
improves the solubility of lignocellulose, facilitating the formation of dissolved
feedstock molecules as well as the reaction of the latter on the catalyst surface when

a catalyst is present.
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At 250 °C, the Ni-Cu catalyst afforded the maximum degree of delignification
(68.5 wt.%) and a monomer yield of 51.4 wt.%, which is among the highest reported to
date (Table 2.4). The minimal improvement of yields observed going from 200 to 250
°C over the Ni-only and Ni-Fe formulations relative to the much more pronounced yield
increase obtained using the Ni-Cu catalyst could be attributed to the considerably
higher number of active sites on the surface of the latter catalyst (Table 4.3), which
appears to be effective at blocking secondary degradation reactions at higher
temperature. In addition, the Ni-Cu catalyst displays higher selectivity to saturated
products relative to the Ni-only and Ni-Fe formulations, which is indicative of an
enhanced hydrogenation activity. The latter can stem from a synergetic effect between
Cu and the supercritical methanol reaction medium resulting in improved hydrogen
transfer on the surface of the catalyst, a similar phenomenon to that previously
reported by other authors (Barta et al. 2010). It has also been reported that Ni-Cu

alloys favor C-O bond cleavage over C-C bond breaking (Gandarias et al. 2012).

4.3.2 Mass balance

The mass balances of these experiments were >80% at 200 °C and >70% at
250 °C (Figure 4.5). Losses are primarily assigned to the gases evolved during
reaction, which could not be accurately quantified and thus were not factored into the
mass balance calculation (Equation B7). A precipitate encrusted on the reactor walls
that was both hard to recover and quantify was produced for the reactions performed

at 250 °C.
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The formation of this precipitate is indicative of re-polymerization reactions that would
be favored by higher temperatures, which could also lead to increased gas formation.
The production of solids and gases difficult to recover and quantify explains the lower

mass balances observed at 250 °C.
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Figure 4.5. The influence of process conditions and catalyst promotion on the mass
balance for products produced from poplar RCF. White and grey bars represent mass
balances calculated at 200 and 250 °C, respectively.

4.3.3 Blank runs

Poplar was subjected to the reaction conditions described in this chapter in the
absence of a catalyst to determine the extent to which the depolymerization of lignin
proceeds solvothermally as opposed to catalytically. Indeed, the results from these
blank (sans catalyst) runs can be used to identify the contributions of catalytic and
non-catalytic (solvothermal) effects to the yield of different monomers (Figure 4.6).
When temperature is increased from 200 to 250 °C, the total monomer yield declines
drastically (10 wt.% to 3 wt.%), which is contrary to the trend observed in the presence

of Ni-based catalysts (Figure 4.4).
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The significantly lower monomer yields obtained in these blank runs in general - and
in the blank supercritical run in particular - highlights the advantages of using a Ni-
based catalyst. Although monomer yields in blank runs are low and decline with
increasing temperature, lignin oil yields are higher and follow a similar temperature
pattern to that displayed by catalyzed runs. Recovered solids are also highest for blank
runs, which is most likely due to lignin being extracted from lignocellulose but not
depolymerized into low molecular weight aromatics. This is consistent with the
conclusions of Sun et al. (2018), who compared the gel permeation chromatography

data from uncatalyzed and catalyzed processes.
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Figure 4.6. Solvothermic (sans catalyst) reactions with poplar. Total monomer yields
(‘x), lignin oil yield (black circle), and solids retention (yellow square) are shown. The
yield of saturated and unsaturated propyl aromatic monomers by weight is respectively
shows in dark and light shading on the bars. The white fraction of the bars designated
as ‘other’ corresponds to methyl paraben (MP)- and p-hydroxybenzoate (pHBA)-derived
compounds, as well as to phenolic aldehydes. All yields are from 3-h reactions in
methanol at 200 or 250 °C.
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4.3.4 Distribution of monomers

The primary products obtained in the solvothermal (sans catalyst) reactions at
200 °C are coniferyl and sinapyl alcohols, which have been identified recently as key
intermediates in the reductive conversion of native lignin (Anderson et al. 2017; Van
den Bosch et al. 2017; Kumaniaev et al. 2017; Renders et al. 2018). Other monomeric
products include guaiacol and syringol (G/S), ethyl-G/S, propyl-G/S, propenyl-G/S, and
propanol-G/S (Figure 4.7). These unsaturated compounds are formed solvolytically (as
opposed to catalytically) but have been reported to be unstable reaction intermediates
at elevated temperatures (Van den Bosch et al. 2017), which is consistent with the

fact that no coniferyl or sinapyl alcohols were obtained at 250 °C (Figure 4.8).
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Figure 4.7. The primary monomers obtained from RCF of poplar. Colors and
abbreviations are used henceforth. Note: Guaiacol has one methoxy group and syringol
has two methoxy groups which is distinguished by the presence of the parentheses.
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Figure 4.8. Comparison of the monomer yields obtained at various temperatures in the
absence of catalysts.

Renders et al. (2018) proposed a reaction network for native lignin conversion
in which the formation of coniferyl/sinapyl alcohol serves as a crucial step in the
depolymerization process. These authors concluded that the formation of propyl-G/S
occurs primarily through the hydrogenolysis of coniferyl/sinapyl alcohol followed by the
hydrogenation of the Cy=Cpg double bond as indicated in their proposed reaction
network, which is depicted in Scheme 1. The reaction network includes the following
pathways: native lignin is first solvolytically depolymerized in the absence of a redox
catalyst forming coniferyl/sinapyl alcohol (R1), which then either undergoes
hydrogenation of the double bond to form propanol-G/S (R2), or undergoes

hydrogenolysis of the terminal hydroxy group to form propenyl-G/S.
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Renders et al. (2018) found that reaction conditions consisting of exogenous
hydrogen, a carbon-supported ruthenium redox catalyst, and 200 °C did not induce
the conversion of the propanol side chains to propyl (R5). Instead, these authors found
that the formation of propyl sidechains more likely occurs through the hydrogenolysis
of coniferyl/sinapyl alcohol followed by hydrogenation of the propenyl double bond
(R3+R6). Against this backdrop, Figure 4.9 depicts the distribution of monomeric
products obtained in the presence of Ni catalysts. More detailed information of the

monomers obtained is tabulated in Appendix C.
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Scheme 1. Reaction network for the conversion of native lignin adapted from (Renders
et al. 2018).
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Figure 4.9. Comparison of the monomer yields of reactions performed at various
temperatures using supported Ni-based catalysts.

Monomeric products obtained at 200 and 250 °C primarily consist of
propanol-, propenyl-, and propyl-substituted monomers derived from guaiacol and
syringol (denoted as 'G/S’ in Figure 4.9). This is in line with previous reports in which
these have been reported as the predominant products obtained in the presence of a
redox catalyst and similar reductive conditions (Grof3 et al. 2021; Schutyser et al.

2018; Schutyser et al. 2017).
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In addition, other authors have reported that Ni catalysts supported on alumina
promote the production of propanol sidechains (Van den Bosch et al. 2017). When the
temperature is increased from 200 to 250 °C, the selectivity for propyl-substituted
sidechains increases, which has also been reported in the literature (Renders et al.
2018). The high yield of aromatic monomers suggests that aromatic ring was not
hydrogenated and the high selectivity to phenols is also indicative of moderate
hydrogen consumption, both of these being optimal outcomes of reductive reactions
(Zakzeski et al. 2010). The Ni catalysts investigated in this study are therefore effective

in the reductive catalytic depolymerization of native lignin.

The increased monomer yields observed at 250 °C are attributable to several
factors related to the use of hydrogen as the reaction atmosphere and of methanol as
the reaction solvent. Hydrogen stabilizes reactive free radicals produced by the
thermal depolymerization of lignin and saturates the side chain functionalities of
phenols leading to a reduction in repolymerization, which in turn inhibits the formation
of coke on the catalyst surface and minimizes coke-induced deactivation (Bai and Kim
2016). In addition, methanol acts as a H-donor, the high level of H-donor species
present in the reaction medium as a result of increased partial pressure at 250 °C
increasing the yield of monomers and selectivity to side chain reduction products such
as propanol-G/S (Shen et al. 2016). The higher selectivity to propyl-sidechains at
250 °C may be attributed to the fact that methanol is known to inhibit catalytic
hydrogenation without affecting the hydrogenolysis of ether bonds, thereby enhancing

the selectivity of monophenols derived from lignin (Shen et al. 2016).
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Aside from the overall increase in monomer yields observed at 250 °C, the
primary difference observed between reactions performed at 200 and 250 °C pertains
to the formation of ethyl-G/S and guaiacol/syringol (G/S) in the presence of Ni-based
catalysts at 250 °C. This may be due to an increase in the cracking activity of Ni
resulting in the dealkylation of the propane side chain. Tellingly, the blank (sans
catalyst) run performed at 250 °C produced ethyl-G/S and G/S at similar selectivity to
the catalyzed runs (Table 4.5). This means that the more stringent reaction conditions
can also increase cracking activity on their own, although Ni is known to be an active
cracking catalyst in hydroprocessing reactions. There is also a higher selectivity to
propyl-G/S at 250 °C. This may result from a higher partial pressure of hydrogen
generated by increasing temperature and thus methanol reforming. Indeed, Barta et
al. (2010) found that methanol reforming increased in the presence of Cu and
supercritical methanol. Ouyang et al. (2019) found that the gas phase primarily
contained hydrogen, CO, and CO2, and confirmed that hydrogen yield increased with
temperature due to increased methanol reforming, providing a good explanation for
the increased rate of double bond hydrogenation in the presence of Ni-Cu at both
temperatures as evidenced by the higher selectivity to saturated monomers.
Consistent with the results of Kenny et al. (2022), p-Hydroxybenzoic acid methyl ester
(pHBA) and methyl paraben (MP) (likely synthesized via decarboxylation of pHBA) were
produced during the RCF reactions. Similar levels of pHBA and methyl paraben were
detected for all 3-hour reactions regardless of Ho pressure, indicating that routes from
pHBA are independent of external hydrogen at high conversions, regardless of process

conditions or catalyst promotion.

71



Table 4.5. Influence of process conditions and catalyst promotion on selectivity to
monomers.

Selectivity (%)

Temp (°C) Sample S/G ratio*
Go/So Propanol Propenyl Propyl Ethyl G/S

- Raw poplar 1.6

Blank 3.2 45 4.8 14 0.9 0O 04
Ni 1.5 3.7 67 7.0 92 03 01
200
Ni-Cu 1.5 1.3 78 1.6 9.7 0.2 0.1
Ni-Fe 1.5 24 67 5.6 12 04 01
Blank 4.8 0] 4.1 23 41 12 19
Ni 2.0 0.8 37 19.5 25 4.0 18
250
Ni-cu 1.8 0.4 56 7.1 22 40 15
Ni-Fe 1.8 0.5 38 17 27 3.7 16

* /G ratio was calculated as the sum of S-derived monomers divided by the sum of
G-derived monomers. S/G ratio of raw poplar was measured via thiacidolysis to serve
as a reference.

At 200 and 250 °C the main products are syringol-derived monomers
(Appendix C), which was to be expected. The lignin fraction of poplar lignocellulose,
which is a hardwood, contains mainly syringyl (S) units and a relatively small amount
of guaiacyl (G) units. The S/G ratio (1.6) of poplar was measured via thiacidolysis for
benchmarking purposes. In the presence of Ni catalysts, the S/G ratios calculated from
the monomeric products detected in the lignin oil resulted in ratios close to 1.6 (Table
4.5). Notably, the results of blank (sans catalyst) reactions demonstrate that the nickel
catalysts were able to successfully depolymerize lignin to its constituent monophenols.

Thus, results obtained clearly show that the Ni-based catalysts investigated are

effective lignin depolymerization catalysts.
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4.3.5 Recovered solids

Maximizing the utilization of the lignin and carbohydrate components of
lignocellulosic biomass is a primary goal of technologies designed to valorize this
feedstock. Consequently, a key step of the RCF of lignin is to determine the chemical
composition of the extracted lignin oil as well as of the recovered solids. Figure 4.10
depicts the yields of recovered solids obtained in the experiments performed in this
study, which represent the proportion of the total biomass that was insoluble in
methanol following RCF. Yields are >70 wt.% and >50 wt.% at 200 and 250 °C,
respectively. Catalyst promotion with Fe or Cu does not have a significant impact on
the yield of recovered solids irrespective of the reaction temperature. The ash content
of the recovered solids (detailed in Table 4.6) indicated that the latter stems mainly
from the catalyst powder, but the fact that the value remains below 10% is notable

because values above 10% are known to impact hydrolysis (Abu-Omar et al. 2021).
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Figure 4.10. The influence of process conditions and catalyst promotion on the yield
of recovered solids from RCF of poplar.
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The low ash content of the recovered solids, which include the spent catalyst
and cellulose pulp, is consistent with the efficient release of lignin from the cell wall
while quenching reactive intermediates (Table 4.6). Quenching reactive intermediates
is the primary role of an RCF catalyst. Accordingly, the Ni-based formulations studied
being excellent catalysts for reductive lignin depolymerization is indicated by the low
ash content present in the recovered solids. These solids are reported to be
predominantly composed of polysaccharides (Anderson et al. 2016; Renders et al.
2018; Renders et al. 2016; Schutyser et al. 2015; Van den Bosch et al. 2017; Van den
Bosch, Schutyser, Vanholme, et al. 2015; Parsell et al. 2015); however, enzymatic
saccharification would be required to evaluate their suitability for fermentation to
ethanol. Anderson et al. (2016) reported similar yields for recovered solid at 200 and
250 °C in the presence of a Ni catalyst. Moreover, these authors also found that
supercritical methanol had a greater impact on sugar degradation concluding that
milder process conditions (200 °C) may be best for biorefinery operations focused on

maximizing the yield of both oil and solids.
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There is a noticeable tradeoff between RCF occurring at 200 or 250 °C, i.e,,
although 250 °C (and supercritical methanol) result in increased monomer yields,
recovered solids are significantly reduced. This highlights the link between biomass
structure and the severity of process conditions. Notably, this study's overarching
objective was to investigate the catalytic activity of Ni catalysts under optimal process
conditions to improve the economics of the cellulosic ethanol biorefinery. Since the
complete utilization of biomass carbohydrates and lignin is a prerequisite for deploying
the RCF process in a biorefinery scheme (Bartling et al. 2021; Cooreman et al. 2020;
Davis et al. 2018; Schutyser et al. 2017), the more moderate conditions at 200 °C,
which produced a greater yield of recovered solids suitable for further processing to

ethanol may be preferable.

Table 4.6. Results of elemental analysis on raw poplar lighocellulose and recovered
solids from the RCF of poplar.

Elemental Composition (dry wt.%) Proximate Analysis

(dry wt.%)

Temp (°C)  Sample Volatile Fixed
C H N 0 S Ash Matter Carbon

poRpaI;Vr* 459 6.7 0.5 457 0.0 1.1 80.5 9.9

Blank 43.6 6.5 0.3 496 0.0 0.1 92.7 2.5

200 Ni 40.0 5.8 0.2 47.8 0.0 6.3 82.4 6.3
Ni-Cu 40.0 59 0.2 456 0.1 8.2 81.9 5.3

Ni-Fe 39.2 5.6 0.2 451 0.1 7.5 82.4 5.1

Blank 46.4 6.1 0.2 459 0.0 1.3 85.8 8.3

550 Ni 395 56 0.2 479 0.0 6.8 84.7 4.3
Ni-Cu 39.3 5.7 0.2 46.2 0.0 85 83.5 4.3

Ni-Fe 384 5.6 0.2 47.8 0.0 8.0 84.3 3.3

* Raw poplar sample taken as a reference to distinguish solvothermal effects.
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CHAPTER 5. CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

The utilization of y-Al203-supported Ni catalysts promoted with either Cu or Fe
for the reductive catalytic fractionation (RCF) of hybrid poplar in methanol at 200 and
250 °C was investigated with the goal of improving biorefinery efficiencies. Monomer
yields improved from 34.7% over 20% Ni/Al203 to 51.4% over 20% Ni-5% Cu/Al>0O3z at
250 °C, indicating that Cu is a highly effective promoter of Ni-based catalysts for the
reductive depolymerization of hybrid poplar in supercritical methanol. Metal particle
size changes do not appear to be the cause of the improvements in RCF performance
achieved with the addition of Cu to Ni catalysts. Instead, the improved performance
obtained through Cu promotion can be attributed to the ability of Cu to facilitate the
reduction of Ni leading to an increase in the amount of Ni® - which is thought to be the

catalytically active phase for lignin depolymerization - on the catalyst surface.

Although Cu promotion and supercritical conditions can provide remarkable
monomer yields, the latter is not the only consideration of importance to the overall
economic viability of lignocellulosic biorefineries. Indeed, at least in the current
iteration of lignocellulosic biorefineries, the primary target is the production of bio-
ethanol from carbohydrates extracted from lignocellulose, where the lignin fraction is
typically considered a lower value co-product. Thus, in view of the relatively low number
of solids - a proxy for carbohydrates - recovered from experiments performed at 250
°C, it could be argued that lignin depolymerization at this temperature is less effective

than that caried out under milder conditions.
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Notably, while Fe or Cu promotion also improves monomer yields in experiments
performed at 200 °C, only a slight impact on the amount of solids retained is observed
at this temperature. Bartling et al. (2021) have recently concluded that polysaccharide
retention in the carbohydrate rich pulps does not substantially affect the RCF oil
minimum selling price (MSP) and noted that the high-pressure reactor required to
operate in more stringent conditions contributes greatly to the total installed capital
cost of a facility. In short, the best set of conditions will surely be dependent on the
interplay between the value of different product streams and the cost of installing and

operating the facility.

Saliently, this study showed that an approach that affords a clean carbohydrate
residue can also efficiently catalyze the conversion of lignin present in the whole
biomass to yield a number of phenolic compounds near the theoretical maximum. This
was accomplished through a Ni-based system that cleaves and deoxygenates the 3-O-
4 bonds in native lignin under moderate reaction conditions. The dominant products
found were propanol guaiacol, propanol syringol, propyl syringol, and propenyl-
substituted guaiacol and syringol. Monophenols isolated from lignin can be converted
into a variety of aromatic chemicals and fuels. Using this innovative lignin utilization
approach would allow for biorefineries to produce more of these products. The
development of a lignin-first biorefinery scheme for the production of fuels and
chemicals indicates a shift in the biofuels production framework, where lignin may be

more valuable than cellulose.
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5.2 Recommendations and Future Work

Catalyst recovery, regeneration, and re-use, as well as reactor design for a
variety of biomass feedstocks, could be areas of focus for future work on reductive
catalytic fractionation over Ni-based catalysts. The catalysts spent in RCF can be
successfully regenerated by removing the coke deposits accumulated on the catalyst
surface leading to deactivation (Van den Bosch et al. 2017). The regeneration of the
catalyst via calcination poses a challenge since metal particle sintering and/or metal
redistribution may occur. Performing thermogravimetric analysis (TGA) on the spent
catalysts would reveal information about the promoters’ ability to prevent surface
coking and thus coke-induced catalyst deactivation. Increased resistance to the latter
may reflect the promoters’ ability to reduce the cracking activity of Ni-only catalysts
while also imparting superior selectivity to saturated monomers via geometric and
electronic effects. Furthermore, assessing the loss of active sites due to the RCF
reaction would be useful. Van den Bosch et al. (2017) observed that fouling of these
active sites during RCF caused catalyst deactivation, but a reductive treatment of the
spent catalyst restored the availability of the Ni sites. The characterization of the spent
catalysts using N2 physisorption and chemisorption studies would reveal the extent to
which the textural properties (surface area and/or porosity) of the catalysts are altered
during RCF. In short, regeneration/recyclability experiments of RCF catalysts would be
an important aspect of process feasibility studies since they would demonstrate the
benefit of using non-carbonaceous catalyst support materials to facilitate catalyst

regeneration through the removal of coke species via calcination.
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A dedicated study focused on support materials would also be informative. Liao
et al. tested various commercial metal catalysts to hydroprocess propyl guaiacol (a
surrogate for lignin oil) to phenol and observed that while acidic supports favored
undesirable side products, silica was more selective than alumina at the same
conversion levels (Liao et al. 2020). This suggests that investigating the effect of the
catalyst support for Ni-Cu and Ni-Fe formulations to be used in the RCF of lignin would

be of value.

To study catalyst regeneration and re-use, it is also important to consider the
ease with which the catalyst can be recovered from the system after RCF, which is
certainly a factor impacting the overall economics of the biorefinery. One approach that
would facilitate catalyst recovery is the containment of catalyst pellets inside a basket
system. Indeed, Van den Bosch et al. (2017) demonstrated that intimate contact
between solid biomass and solid catalyst is not essential in RCF, concluding that
catalysis is only required to avoid repolymerization reactions by hydrogenating
unsaturated lignin intermediates to more stable phenolics. Thus, pellets of promoted
Ni catalyst - which are both porous and mechanically stable - placed in a basket
system could afford several advantages with respect to process design and scale-up
such as facile catalyst recovery and clean pulp production suitable for downstream

processing.
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Process-wise, additional improvements could involve a flow-through semi-
continuous reactor design similar to that reported by other authors (Anderson et al.
2017; Anderson et al. 2019; Stone et al. 2022). Saliently, a flow-based method
facilitates the collection of both kinetic and mechanistic data, which is necessary to
inform the design, development, and scaleup of the RCF process. Multi-bed RCF
investigations can provide unique insights into the best way to avoid catalyst
deactivation due to leaching, sintering, and surface poisoning, which result in
increased concentrations of unsaturated lignin intermediates and an increase in the
occurrence of oligomerization. Regardless of reactor design, future research should
also include leaching studies on the lignin oil samples using ICP-OES or ICP-MS to
ensure dissolved metals stemming from the catalyst or the reactor are not present in
the final product. The utilization of a Hastelloy reactor would obviate one potential
source of metals in solutions, i.e., those that may leach from the reactor wall during

reaction (Abu-Omar et al. 2021).

Understanding the significance of the structural diversity of lignocellulosic
biomass is also essential. The amount and type of biomass that can be used to
produce materials and energy in a multipurpose biorefinery is determined by
geographic location, crop rotation, as well as by limitations put in place by the energy
density of crops on transportation. Since it is important to maximize the amount and
type of biomass that can be employed, it is crucial to test the ability of Ni catalysts to
depolymerize other forms of biomass, such as softwood and herbaceous species.
Given that an agricultural waste residue such as corn stover contains additional
extractives that may play a role in catalyst deactivation, additional data would need to

be gathered regarding the durability of the catalyst.
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By evaluating the RCF of this and other biomass feedstock over Ni-Cu and Ni-Fe
catalysts, valuable information pertaining to catalyst activity, selectivity, stability,

recyclability - and versatility — can be obtained.

The goal of a lignocellulosic biorefinery is to maximize the utilization of the
major biomass constituents. As a result, efficient valorization via RCF is only justified
if the carbohydrate pulp can be effectively utilized. To demonstrate the feasibility of
using RCF pulp to produce bioethanol, efficient saccharification and fermentation of
both cellulose and hemicellulose should be demonstrated. This can be accomplished
by conducting digestibility tests with commercial cellulase cocktails. Future tecno-
economic analysis (TEA) research should be informed by an analysis of the structural
composition of the spent sample to quantify the carbohydrate fraction of the raw
lignocellulose substrate free of extractives to determine the yield of polysaccharides

preserved during RCF (Abu-Omar et al. 2021).
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APPENDICES

APPENDIX A: List of abbreviations

Abbreviation Definition

o alpha

AC activated carbon

AEO Annual Energy Outlook

Al203 alumina oxide

AICl3 aluminum chloride

Ar argon

Auto autogenous pressure

B beta

BET Brunauer-Emmett-Teller

BHT butylated hydroxytoluene

BSTFA n,o-bis(trimethylsilyl) trifluoroacetamide
C carbon

C-C carbon-carbon bond

C-lignin lignin composed primarily of caffeyl alcohol
(610) carbon monoxide

C-O carbon-oxygen bond (ether bond)
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Abbreviation Definition

CO2 carbon dioxide

Cu copper

CuO copper oxide

DCM dichloromethane

DI water de-ionized water

EISA Energy Independence and Security Act (2007)
EohS 4-n-ethanol syringol

EPA U.S. Environmental Protection Agency
ES 4-n-ethyl syringol

EtOH ethanol

Fe iron

Fe203 iron (lll) oxide

Fes04 iron (l1,111) oxide

Y gamma

G guaiacol

Go coniferyl alcohol

GC gas chromatograph

G-unit guaiacyl alcohol
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Abbreviation

Definition

Ho

H.O

H3PO4

HDO

H-donor

HMF

H-unit

ICP

LA

m/z

MeOH

Mo

MP/pHBA

MS

MSP

Mt

N2

NaCl;

hydrogen

water

phosphoric acid

hydrodeoxygenation

hydrogen donor

hydroxymethylfurfural

p-coumaryl alcohol

inductively coupled plasma

levulinic acid

mass to charge ratio

methanol

molybdenum

methyl paraben/ p-hydroxybenzoic acid methyl ester

mass spectrometry

minimum selling price

million tons

nitrogen

sodium chloride; salt
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Abbreviation

Definition

NaOH

NH3

Ni

Nio

Ni2P

NiAl204

NiO or Ni2+

NIST

NM6

NMR

NP

NREL

02

OES

Pd

PohG

PohS

2-PrOH

sodium hydroxide

ammonia

nickel

metallic nickel

nickel phosphide

nickel aluminate

nickel oxide

National Institute of Standards and Technology

Populus maximowiczii x nigra

nuclear magnetic resonance

not provided

National Renewable Energy Laboratory

oxygen

optical emission spectroscopy

palladium

4-n-propanol guaiacol

4-n-propanol syringol

2-propanol/ isopropanol
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Abbreviation

Definition

PG

PS

PTFE

RCF

Rh

R-Ni

RPM

Ru

S

S/G ratio

So

sc-solvent

SiO2

SPS3

STP

S-unit

TCD

TEA

4-n-propyl guaiacol

4-n-propyl syringol

polytetrafluoroethylene

Reductive Catalytic Fractionation

ruthenium

Raney Nickel

revolutions per minute

rhodium

syringol

relative amount of S and G in lignin

sinapyl alcohol

supercritical-solvent

silicon dioxide

sample preparation system

standard temperature and pressure

syringyl alcohol

thermal conductivity detector

techno-economic analysis
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Abbreviation Definition

TGA thermogravimetric analysis

THF tetrahydrofuran

TMS trimethylsilyation

TPD temperature-programmed desorption
TPR temperature-programmed reduction
u.s. United States

W tungsten

WGS water gas shift

X = catalyst material;
X/Y / = 'supported on’;
Y = support material

XRD x-ray diffractogram
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Equation B1.

Equation B2.

Equation B3.

Equation B4.

Equation Bb.

Equation B6.

Equation B7.

Equation B8.

APPENDIX B: List of equations

Klason lignin content

wt. of acid insoluble lignin

Klason lignin (%)=(

Yield of recovered solids

wt. of lignocellulose sample

recovered solids wt. - catalyst wt.

Residual solids (%)= (

Degree of delignification

wt. of lignocellulose sample

wt. of lignin oil

) x 100%

) x 100%

Lignin oil yield (%)= (

Lignin monomer yield

wt. of lighocellulose sample x Klason lignin

wt. of monomers

)x 100%

Monomer yield (%)=(

Product selectivity

Selectivity to X monomer (%)=

Lignin oligomer yield

wt. of lighocellulose sample x Klason lignin

wt. of X monomer

(total sum of monomers

) x 100%

) x 100%

Oligomer yield (%)=(Lignin oil yield-Monomer yield)

Mass balance calculation

(recovered solids wt. - catalyst wt.)+crude oil wt.

Mass balance (%)= (

Relative acidity of the catalyst

acidity (NHs umol/g)= (

where RF is Response Factor
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APPENDIX C: Detailed tabulation of product yields and distribution

Table C1. Effect of the reaction temperature on the distribution of monomers relative
to total lignin content.

Catalyst type Blank Ni Ni-Cu Ni-Fe
Yield (wt.%) Yield (wt.%) Yield (wt.%) Yield (wt.%)
Monomer . R . R
identification Temperature (°C) Temperature (°C) Temperature (°C) Temperature (°C)

200 250 200 250 200 250 200 250

Guaiacol (G) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
4-Ethyl-G 0.0 0.0 0.0 0.1 0.0 0.1 0.0 0.1
4-Propyl-G 0.0 0.0 0.1 0.9 0.1 1.6 0.4 1.4
4-Propenyl-G 0.5 0.2 0.9 3.4 0.3 2.7 1.3 4.2
G4* 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0
4-Propanol-G 0.1 0.1 7.0 5.7 9.3 12.4 9.1 6.4
Coniferyl
alcohol (Go) 0.9 0.0 0.3 0.1 0.2 0.1 0.3 0.1
Syringol (S) 0.0 0.5 0.0 0.6 0.0 0.8 0.0 0.6
4-Ethyl-S 0.0 0.3 0.1 1.3 0.1 1.9 0.1 1.4
4-Propyl-S 0.1 0.1 2.1 7.9 2.5 10.0 33 9.2
4-Propenyl-S 0.9 0.4 0.7 3.3 0.1 1.0 0.4 2.5
S4* 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
4-Propanol-S 0.3 0.0 8.7 7.1 12.0 16.2 12.2 8.2
Sinapyl alcohol
(So) 3.5 0.0 0.6 0.2 0.2 0.1 0.4 0.1
Aldehydes* 0.9 0.3 0.7 0.9 0.4 0.9 0.9 0.8
MP/pHB 2.5 0.7 2.3 3.2 2.0 3.7 3.1 3.9
Total monomer
yield 9.9 2.6 23.5 34.7 27.1 51.4 31.7 38.9

Oligomeryield  10.1 44.5 10.1 28.5 8.8 17.1 <0 213
Lignin oil yield ~ 20.0 47.2 33.7 63.2 36.0 68.5 30.2 60.3

Reaction conditions: 1 g of poplar, 0.1 g of catalyst, 25 mL methanol, 3 hr.
* G4 = methyl homovanillate; S4 = (3,5-Dimethoxy-4-hydroxyphenyl) acetic
acid; aldehydes = vanillin, coniferyl aldehyde, sinapaldehyde, syringaldehyde
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Table C2. Effect of the reaction temperature on the distribution of monomers relative
to total lignin content.

Catalyst type Blank Ni Ni-Cu Ni-Fe
Yield (wt.%) Yield (wt.%) Yield (wt.%) Yield (wt.%)
Monomer Temperature Temperature
identification (°C) (°C) Temperature (°C) Temperature (°C)
200 250 200 250 200 250 200 250
G/S 0.04 0.50 0.02 0.61 0.02 0.75 0.04 0.61
Go/So 4.46 0.00 0.88 0.29 0.36 0.21 0.75 0.18
Ethyl-(G/S) 0.00 0.32 0.06 1.40 0.06 2.04 0.13 1.43
Propyl-(G/S) 0.09 0.11 2.16 8.77 2.64 11.55 3.66 10.63
Propenyl-(G/S) 1.41 0.61 1.65 6.77 0.43 3.65 1.78 6.69
Propanol-G/S  0.47 0.11 15.77 12.78 21.23 28.62 21.32 14.64
Other 3.43 1.00 2.98 4.12 2.40 462 4.01 4.73
Total monomer
yield 9.90 2.65 23.52 3473 27.15 51.44 31.69 38.91
Lignin oil yield 20.03 47.17 33.67 63.23 3598 6853 30.19 60.25
Solid pulpyield 73.93 55.92 6991 5433 7138 54.61 70.09 53.97

Reaction conditions: 1 g of poplar, 0.1 g of catalyst, 25 mL methanol, 3 hr.
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