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ABSTRACT OF DISSERTATION

DEVELOPMENT OF AN EFFECTIVE Au:Pd BIMETALLIC HETEROGENEOUS
CATALYST FOR OXIDATIVE LIGNIN DEPOLYMERIZATION TO LOW
MOLECULAR WEIGHT AROMATICS

The principal concept behind biorefining involves the transformation of
lignocellulosic biomass into valuable products and energy resources. Historically,
biorefinery strategies for lignocellulosic biomass have primarily focused on improving the
conversion of cellulose into ethanol, often neglecting the underutilized lignin component.
Lignin consists of phenolic subunits, from which it follows that value-added products can
be obtained from lignin depolymerization. Unfortunately, lignin utilization is particularly
challenging due to its high structural irregularity and recalcitrance. The goal of this study
was to develop an AuPd/Li-Al layered double hydroxide (LDH) bimetallic catalyst for
efficient lignin depolymerization, resulting in the production of high-value aromatic
compounds. The structural complexity of lignin renders the study of individual reactions
in lignin difficult. Therefore, model compounds were used to evaluate catalyst
performance. Initially, we prepared AuPd bimetallic nanoparticles with varying molar
ratios supported on a basic Li-Al LDH using a sol-immobilization method. Subsequently,
we characterized the synthesized catalysts and evaluated them in aerobic oxidation
reactions of 1-phenylethanol and simple benzylic alcohols at atmospheric pressure to
identify the most effective catalyst configurations. Those catalysts demonstrating
promising performance were further examined in the aerobic oxidation of lignin model
dimers containing B-O-4 linkages. Remarkably, these model compounds underwent
sequential oxidation, ultimately leading to the cleavage of the B-O-4 bonds. Subsequently,
we evaluated the catalysts in the oxidative deconstruction of y-valerolactone (GVL)
extracted from maple lignin at 120 °C, again using Oz as the oxidant. These results
highlight the potential of the AuPd/Li—Al LDH catalyst system as an eco-friendly approach
for lignin depolymerization under mild conditions, offering a promising avenue for
valorizing lignin in biorefining processes.
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CHAPTER 1. INTRODUCTION AND BACKGROUND

1.1  Lignocellulosic Biomass

Escalation of the global energy demand is the main driving force in the search for
sustainable supplies of energy and renewable materials.! Globally, fossil fuels are mostly
consumed to fulfil these energy requirements. However, the utilization of fossil fuels has
huge impacts on the Earth due to the emission of greenhouse gases. Today, the main goal
is replacement of fossil resources by sustainable alternatives that should be at least
renewable, COz-neutral, widely available, and should not compete with food production.
Among available options, lignocellulosic biomass is one of the resources that meets these
essential criteria. Lignocellulosic biomass consists of three highly functional biopolymers,

namely:'"

I.  Cellulose (~30-50 wt%): a polymer made up of glucose, a six-carbon sugar.

II.  Hemicellulose (~20-35 wt%): a polymer made up of two five-carbon sugars (D-
xylose, L- arabinose), and three six-carbon sugars (D-glucose, D-galactose, D-
mannose).

ML Lignin (~15-30 wt%).

Hexose sugars such as glucose are produced from cellulose hydrolysis, glucose
mainly being used to produce ethanol, which can be mixed with gasoline for use in fuel
motor vehicles.* > Hemicellulose has been applied as plant gum for thickeners, adhesives,
protective colloids, emulsifiers, and stabilizers.® Recently, a very promising application is
as a biodegradable oxygen barrier film.* 7 Hemicellulose is typically depolymerized to
form xylose, which is then fermented into ethanol or organic acids. Xylose can also be
converted to furfural, which is a solvent used for lubricants, coatings, adhesives, furan
resins, etc. It can also be used as a starting material to produce nylon, plastics, motor oil,

etc.t



The primary products used in the above applications are derived from the
carbohydrate fraction. This leaves the lignin part of the biomass, which is mostly regarded
as a low-value by-product or a low-grade fuel. Lignin is often present in greater amounts
than the hemicellulose component, and occasionally even exceeds the cellulose fraction.
Typically, it contains 40% of the energy stored within the biomass, has a high heating
value, and contains a variety of aromatic sub-units.®* Commercial applications of lignin
are still limited and are primarily associated with the use of lignosulphonates in concrete
admixtures, animal feed pellets and road binders. Lignin is also extensively used as a low-

grade fuel to produce heat in pulping processes.

1.2 The Structure of Lignin

Lignin is deposited in the cell wall during cell differentiation, and it is necessary
for both the structural integrity and stiffness of plants. Lignin is hydrophobic and helps in
the transport of water and nutrients throughout the plant, as well as helping to protect plants
from pathogens and insects.! > !° This amorphous polymer is the only renewable source of
aromatic compounds. Unfortunately, lignin is highly underutilized because the structure of
lignin is highly recalcitrant and irregular (unlike cellulose). Moreover, its structure varies
depending on the source and isolation method.!!

Lignin is composed of three p-hydroxycinnamyl alcohol monomers (monolignols),
namely, p-coumaryl, coniferyl, and sinapyl alcohol (see Figure 1), which are polymerized
through an enzyme-mediated dehydrogenation polymerization pathway and bind together
by C—C and ether bonds.> '> !* In the polymer, these monolignols are present as p-
hydroxyphenyl (H), guaiacyl (G), and syringyl (S) units (Figure 1).The ratios of these
monomers differ based on plant species; normally, grasses contain all three monomers,
while coniferyl alcohol is prominent in softwoods (coniferous tree-based), and both

coniferyl and sinapyl alcohol are prominent in deciduous tree-based hardwoods.?



OH

/
HaCO!
oCH; 0CH;

OH

p-coumaryl alcohol conifer yl alc.ohol sinapyl alcohol
i ~0CH; H3C0” i ~OCH,
0., 0., 0.,
p-hydroxyphenyl (H) unit guaiacyl (G) unit syringyl (S) unit

Figure 1.1- Predominant monomers and generic lignin units

In general, oligomer—oligomer or oligomer—monomer couplings are prominent
during the lignification process, while fewer linkages are formed from monomer—monomer
coupling reactions.? 2 During lignification, the most common linkage formed is the alkyl
aryl ether unit, which is known as the $-O-4 ether linkage. This linkage typically accounts
for ~50% of bonds formed during polymerization and it has the lowest bond dissociation
energy when compared with other linkages.!* !> Therefore, most studies related to lignin
depolymerization target the B-O-4 linkage. Other major linkages formed during
lignification are -5, B-1, B-p and 4-O-5 (Figure 2), which, with the exception of the 4-O-
5 linkage, result from carbon—carbon bond formation, and which are difficult to degrade

using traditional processing methods.> ¢



Figure 1.2 Representation of the structure of a hardwood lignin by Luterbacher et al'’
There are three primary categories of biomass, namely, softwood, hardwood, and
grasses. Softwood typically has the highest lignin content, comprising approximately 30%
of the biomass. Hardwoods contain the next highest percentage of lignin, ranging from
about 20% to 25%.!% 1320 Softwood is mainly composed of guaiacyl units (G), accounting
for approximately 90% of all units, whereas hardwoods have roughly equal amounts of
guaiacyl and syringyl units (G and S).2! Major monolignol inter-unit linkage distributions

in the lignin of softwoods and hardwoods are shown in Table 1.1.2%23



Table 1.1 Percent of inter-unit linkages in softwood and hardwood lignin

Linkage type Softwood Hardwood
B-O-4 45-50% 60%

B-5 9-12% 3-10%

B-1 2-9% 1-7%

B-B 2-6% 3%

5-5 9-25% 0-9%
a-0-4 6-8% 6-8%
4-0O-5 0-7% 0-9%
Others 13% 5%

1.3  Isolation of Lignin

Lignin isolation from lignocellulosic feedstock can be accomplished through
various methods that involve mechanical, chemical, and biochemical processes.?**¢ These
methods aim to separate lignin from the other components of lignocellulosic biomass, such
as cellulose and hemicellulose. Treatment conditions, such as temperature, pressure,
solvent type, and pH range, play a crucial role in lignin isolation and processing. These
factors can significantly impact the efficiency of lignin extraction, the quality of the
isolated lignin, and its subsequent applications.?> >’ The various methods used to isolate
or process lignocellulosic biomass inevitably result in modifications to the native structure
of lignin. Consequently, the structural variability observed in industrial lignin is further
amplified, posing challenges for the development of processes that utilize lignin as a
feedstock for chemical production. Depending on the specific isolation methods and

conditions employed, lignin derived from the same biomass feedstock can exhibit
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significant differences in terms of structure and properties.?’” This adds to the existing
complications associated with the natural variation in lignin's structure. Lignin is primarily
produced from pretreatments employed in the pulp and paper industries, such as the kraft
or lignosulfonate processes.”® Furthermore, novel feedstocks customized for biorefineries
also provide additional sources of lignin such as organosolv.??> Each pretreatment method
possesses distinct advantages and disadvantages, which will be further explored below.
The kraft pulping process is the primary method used for lignin isolation,
accounting for more than 90% of all chemical pulps produced." 2% 3° Its widespread
adoption can be attributed to three key factors: (i) the production of high-quality pulp, (ii)
the efficient recovery of pulping chemicals within the process, and (iii) the self-sufficiency
in meeting energy requirements.!* 132 The white pulping process involves the utilization
of high pH levels and significant quantities of aqueous sodium hydroxide and sodium
sulfide (white liquor) at temperatures ranging from 150 °C-180 °C for approximately 2
hours in a stepwise process.>® During this process, biomass undergoes delignification, and
the lignin undergoes both degradation and condensation reactions.’® 3! The notable feature
of this liquor is the inclusion of hydrosulfide ions (HS"), which improve the selectivity of
pulping by promoting delignification and lignin depolymerization while minimizing
carbohydrate solubilization.** The harsh alkaline environment in kraft lignin processing
offers benefits such as efficient delignification, improved lignin solubility, effective
recovery of pulping chemicals, and self-sufficiency in energy, making it a widely adopted
method in the pulp and paper industry.?! While kraft lignin processing presents several
advantages, it also carries certain drawbacks. The method relies on significant quantities
of chemicals, such as sodium hydroxide and sodium sulfide, which can have adverse
environmental effects.’ Additionally, the lignin obtained through kraft lignin processing
typically exhibits relatively lower purity compared to alternative isolation methods.*® The
presence of impurities and residual chemicals from the pulping process may limit its direct

suitability for certain high-value applications, necessitating additional purification steps to
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attain the desired lignin quality. Furthermore, the kraft process lacks precise control over
the resulting lignin structure. The rigorous conditions and complex chemical reactions
involved in kraft pulping can induce notable modifications and variations in the lignin
structure. This structural variability may pose challenges when utilizing kraft lignin as a
feedstock for applications that demand a more customized and consistent lignin structure.¢

The sulfite pulping treatment yielding lignosulfonates is the second most significant
chemical pulping process. It is typically carried out within a pH range of 2 to 12, depending
on the chosen cation. In alkaline sulfite pulping, calcium or magnesium sulfites (or
bisulfite) are employed. > 3° The incorporation of sulfonate groups into the resulting
products enhances their water solubility.?*3* Unlike the kraft process, sulfite pulping does
not extensively degrade lignin, resulting in a larger molecular weight of the isolated
lignin.?% 3% 33 However, the lignin obtained from sulfite pulping is heavily contaminated
with sulfur, which presents challenges for lignin utilization in chemical and material
production.* This contamination necessitates increased purification requirements, reduces
product quality, and may poison many upgrading catalysts.

The organosolv pulping process has emerged as an alternative to kraft or sulfite
pulping, aiming to produce a more suitable lignin by-product for co-utilization and
functioning more as a biomass fractionation process. This method involves the use of
various organic solvent mixtures, such as 1,4-dioxane, ethanol, acetone, methanol, or
organic acids like acetic or formic acid, at elevated temperatures.’® 37 Instead of reacting
lignin with inorganic chemicals, the organosolv pulping relies on organic solvents to
dissolve lignin. This faster process allows for the recovery of dissolved lignin in a less
degraded and modified form compared to kraft and sulfite pulping. The main advantages
of the organosolv process are the formation of distinct streams of cellulose, hemicelluloses,
and lignin, enabling the valorization of all components of lignocellulosic biomass.?’
Additionally, the process is generally considered environmentally friendly as it avoids the

use of sulfides and the harsh conditions associated with kraft or lignosulfonate processes.
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Consequently, organosolv lignin typically exhibits low sulfur content and higher purity
compared to lignin obtained from other methods. However, it should be noted that the
recovery of materials, such as solvents, has not been fully optimized in the organosolv
process, resulting in relatively higher costs compared to other methods.

Apart from the methods discussed in detail above, there are several other techniques
for isolating lignin including pyrolysis, steam explosion, the use of ionic liquids,

organocatalysis and acid hydrolysis.*®

1.4 Sources of Aromatic Compounds

Even though lignin is an attractive renewable resource for the production of bio-
based materials, fuels, and chemicals, efficient catalytic depolymerization is required to
produce chemicals and fuel additives from lignin because of its structural complexity. In
this field, reductive and oxidative depolymerization methods play an important role in the
production of chemicals from lignin.

In the chemical industry, benzene, toluene and xylene (BTX) exhibit a significant
range of application and represent 60% of all aromatics on the market with a price range
of 700-1,500 USD/MT.** The main source of BTX is petroleum, although related
compounds are available from the reductive depolymerization of lignin. The reductive
depolymerization pathway can also provide other major products such as phenol,
cyclohexane, etc., although the highest product value does not exceed 2,500 USD/MT.>*:
40

On the other hand, the oxidative depolymerization process can be used to produce
oxygenated aromatic monomers from lignin. These products have relatively high market
value. A few well-known lignin products are vanillin, vanillic acid, syringic acid, and
aromatic aldehydes. Vanillin is the main component of natural vanilla extract. It is used as

a flavoring agent in foods, beverages, pharmaceuticals, and in the fragrance industry.!% '8



The main source of vanillin in the market is crude oil (representing approximately 80% of
the total supply) while only 20% of vanillin in the market is produced from lignin.*!
Vanillin from lignin and crude oil have similar prices of 12,000 USD/MT, which is
approximately 10 times higher than the BTX market value. Syringic acid is even more
valuable, with prices ranging between 20,000-100,000 USD/MT if obtained from lignin.*

In addition to aromatic compounds, lignin may be a source of additional products
such as carbon fiber, activated carbons, resins, and hydrogels.**** The development of an
economically viable lignin valorization route would require much more research to
optimize the technology. However, the ability of lignin to be a source of aromatic
compounds suggests that it has great potential to become an essential feedstock in the

future chemical industry, with lignin oxidation affording products with the highest values.

1.5 Oxidative Lignin Depolymerization

In early work, oxidative lignin depolymerization was conducted using oxidants
alone or with simple transition metal ions such as Cu*" Mn*" Co*", and Zr*"#%
Composite metal oxide and metal oxide catalysts containing Co, Fe, Cu, Mn (e.g., CuO,
MnOz) were subsequently applied to improve the extent of lignin depolymerization.**: 4647
Other than inorganic metal catalysts, homogeneous organic catalysts and organometallics
have been used to effect the oxidative depolymerization of lignin. There are three types of
oxidative depolymerization based on lignin structural degradation: (1) oxidative cleavage
of inter-units linkages (primarily those present in a-O-4 and -O-4 linkages), (2) oxidative
modification of lignin side-chains, mainly involving the conversion of primary and
secondary OH groups in the lignin polymer (Ca-OH and Cy-OH groups found in lignin -

O-4 linkages are primary targets), and (3) the oxidation of aromatic rings and ring cleavage,

which are typically associated with one-electron mechanisms.



1.5.1 Oxidative cleavage of lignin inter-unit linkages

In most plant lignin, phenylpropanoid units are connected by C-O (ether) and C-C
linkages, however, the C-O linkages are predominant, corresponding to a-O-4 and B-O-4
linkages.?>*! Oxidative cleavage of these linkages provides oxygenated functional groups
(aldehyde, ketones etc.) in the products. Boosting the number of oxygenated functional
groups on the lignin macromolecule enhances the distance between m-m stacked rings,
therefore weakening the inter-unit forces holding lignin together and facilitating
dissociation of the lignin macromolecule.*

Because of the high abundance of B-O-4 inter-unit linkage in many types of lignin,
significant effort has been targeted at developing an efficient method to cleave the p-O-4
linkages. However, the C-O linkages are more labile than C-C bonds. Therefore, cleavage
of a significant portion of C-O linkages occurs during biomass pretreatments and lignin
isolation processes.*® On the other hand, selectively cleaving C-C linkages has always been
a challenge. Therefore, high temperatures and high loadings of expensive noble-metal
catalysts (e.g., ruthenium, palladium, platinum) are frequently essential to the cleavage of
C-C linkages and these severe conditions help to promote the condensation of lignin
fragments.’!

Oxidative reagents (O2, H202 and O3) cleave mainly C-O linkages as well as a small
portion of the C-C linkages with different mechanisms during lignin treatment.!'! 4% 5
However, the reactivity of the oxidant can be enhanced by adding transition metal ions to
this process (e.g., Ce*', Fe*", Mn**, Co*", and Zr*"), consequently facilitating the cleavage
of B-O-4 linkages and pinacol-type C—C linkages.’" 3> Recently, the use of metal oxides
was investigated for lignin oxidation. Hedges et al. produced monomeric phenolics from
lignin isolated from Amazon wood by treatment with alkaline cupric oxide (CuO).>* Kurek
et al. treated lignin with a MnOz/oxalate system to oxidize it based on the mechanism of

lignin degradation by wood rot fungi which secretes oxalate that can weaken the cell wall.
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However, the system showed very limited reactivity toward cleaving lignin inter-unit
linkages because the MnO>/oxalate system is unable to directly support oxidation of
nonphenolic structures; therefore, only the free phenolic hydroxyl groups in the spruce
wood lignin could be modified.*”>*

Based on the high reduction potential of photocatalysts (TiO2 and ZnO),
photocatalysts were utilized to degrade lignin into organic compounds (phenolic
aldehydes, ketones, and acids) at a fast rate using Oz as a primary oxidant.’>>¢ The pH of
the photocatalytic reaction medium also has a significant effect on product yield. Ma et al.
reported that a large amount of OH radicals were produced when the photocatalytic process
was operated under acidic conditions. However, the reaction rate decays over time as a
result of side reactions and accumulation of negative species on the catalyst surface.
According to their study, the addition of Pt to the TiO2 support (Pt/TiO2) avoids the
accumulation of the negative species, consequently resulting in better photocatalytic
activity.”’

Vanadium group (V, Nb, Ta) catalysts for oxidative lignin depolymerization have
been examined by both Hanson and Toste.”® > Hanson et al. conducted oxidative
depolymerization of lignin and reported the use of vanadium-based organometallic
complexes to catalyze cleavage of C-O and C-C bonds in lignin model compounds that
contain pinacol structures.®® In pinacol structures, the C-H bond next to the alcohol group
can break and oxidize to produce the corresponding alcohol and aldehyde. The vanadium
catalyzed oxidative lignin depolymerization reactions are typically conducted at relatively
mild temperatures (~373 K) under ambient pressure. Both reaction rates and the product
slate are strongly dependent on the type of solvent used in the catalytic system.** Catalysts
based on niobium (Nb) also have a unique catalytic property for oxidative lignin
depolymerization. Ma et al. has recently discovered that Nb2Os, in conjunction with
peracetic acid, can rapidly solubilize and depolymerize lignin. Also, the catalyst was shown

to be effective at breaking both C-O and C-C linkages.*
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1.5.2 Oxidative modification of lignin side-chains

Most of the phenylpropane units in lignin are connected through the side chain. One
of the main challenges of using metal and metal oxide catalysts for oxidative lignin
depolymerization is the inability to completely cleave all inter-unit linkages. One approach
is to use a catalyst to modify the electron density of the lignin side-chains. This
modification may interrupt the integrity of the lignin macromolecule, consequently
enhancing the lignin depolymerization efficiency. By introducing new oxygen-containing
groups into the lignin side-chains, m-m interactions among phenylpropane units are
weakened.

Ketones are the main products of the oxidative modification of the lignin side-
chains. These products are generated during lignin degradation by organocatalysts, which
is a large family of organic compounds typically containing nitrogen, sulfur, or phosphorus
as active sites to enhance chemical reactions. For instance, 2,2,6,6-tetramethylpiperidine-
1-oxyl (TEMPO) is used as a catalyst for the oxidation of primary and secondary alcohols
in lignin into aldehydes and ketones, respectively.®! Stahl et al. verified alcohol conversion
in the lignin structure using the dimeric model compound 3-(3,4-dimethoxyphenyl)-2-(2-
methoxyphenoxy)-2-propenol.®> The oxidized lignin model compounds can be further
cleaved following other treatments, such as alkaline treatment to remove ether linkages.

Metal-organic frameworks (MOFs) is another group of catalysts that can oxidize
lignin. Kustov and co-workers reported the oxidation of vanillyl alcohol to vanillin by 5%
Pt on [ZnsO(BDC)3] MOF.* Similar reactions were also studied by Sun et al. using gold
supported on MIL-101 MOF.% They observed the conversion of primary and secondary
benzylic alcohols to aldehydes and ketones, respectively, with high yield and selectivity.
The reactivity and pore structure of the MOF can be tuned by changing the organic linker
component. These modifications are beneficial for performing specific catalytic functions

because the highly porous structure can provide a large accessible catalytic surface.

12



Zakzeski et al. studied the oxidation of veratryl alcohol and vanillyl alcohol to their
respective aldehydes in toluene at 150 °C under 0.5 MPa Oz after 4 hours by using a cobalt-
based MOF.** The reaction stopped upon formation of the carbonyl group without the
formation of further degradation products. The unique catalytic activity of cobalt-based
MOF to oxidize olefinic structures to epoxides was demonstrated by using cinnamyl

alcohol as a model compound.

1.6 Objectives and Dissertation Outlines

Lignin, the second most abundant terrestrial polymer after cellulose, represents a
substantial portion of lignocellulosic materials, accounting for approximately 15-30% of
their dry weight. However, it is currently considered a waste material due to the complexity
and heterogeneity of lignin, which makes its controlled depolymerization a challenging
task. This dissertation aims to address this issue by pursuing four primary research
objectives, ultimately enhancing our understanding of lignin depolymerization through
oxidative processes over heterogeneous catalysts. The central objective of this research is
to develop an efficient bimetallic heterogeneous catalyst for the oxidative
depolymerization of lignin into low molecular weight aromatic compounds. To attain this
main goal, the dissertation is organized around the following four specific objectives: (1)
Preparation of heterogeneous catalysts using the sol-immobilization method to support
AuPd bimetallic nanoparticles on Li-Al layered double hydroxide (LDH) with varying
molar ratios; (2) Application of the synthesized catalysts in the oxidation of 1-phenyl
ethanol to identify the most effective catalysts for oxidizing simple benzylic alcohols and
B-O-4 lignin linkage model dimers; (3) Assessment of the capacity of the most effective
catalysts identified in objective (2) to depolymerize lignin by applying them to the
oxidative depolymerization of y-valerolactone extracted maple lignin, with a focus on

generating low molecular weight aromatic compounds and (4) Investigation of potential
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pathways and transformations in oxidative lignin depolymerization processes by
employing the most effective catalysts identified in objective 2 to oxidize p-O-4, -1, and
B-p model compounds.

To fulfill these research objectives, this dissertation is structured into six chapters.

Chapter 1: This chapter offers an introduction to the motivation behind lignin
utilization, elucidates the structure of lignin, explores common methods of lignin isolation,
and highlights the advantages of oxidative lignin depolymerization over reductive
techniques. It also introduces the primary objectives of the dissertation.

Chapter 2: This chapter provides an extensive overview of the applications of
bimetallic catalysts based on Au. It encompasses catalyst preparation, characterization, and
their application in oxidation reactions.

Chapter 3: In this section, catalysts employing layered double hydroxide (LDH)-
supported AuPd bimetallic nanoparticles with varying Au:Pd molar ratios are investigated.
It includes catalyst characterization and an examination of catalyst performance with
simple benzylic alcohols and -O-4 linked lignin model compounds under mild conditions.

Chapter 4: Building upon the findings of Chapter 3, this chapter explores the
oxidative depolymerization of lignin extracted from y-valerolactone, particularly focusing
on maple lignin.

Chapter 5: This chapter delves into the specific products obtained from the
oxidation of -O-4, B-1, and B-p lignin model compounds, shedding light on the pathways
and transformations involved in oxidative lignin depolymerization.

Chapter 6: The concluding chapter offers a summary of the dissertation's findings
and presents a general conclusion. It also outlines potential directions for future research

in this field.
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CHAPTER 2. GOLD-BASED BIMETALLIC CATALYSTS AND THEIR
APPLICATIONS

2.1 Introduction

Heterogeneous catalysts play a vital role in the modern world, and are involved in
the manufacture of over 80% of the world's chemical products, according to the most recent
data available.®>® In 2019, the global catalyst market surged to a value of USD 33.9 billion
and was predicted to maintain consistent growth, with an expected annual growth rate of
4.4% from 2020 to 2027.%° Catalysts play a pivotal role in enhancing the efficiency and
selectivity of various chemical transformations, impacting fields ranging from energy
production and environmental remediation to pharmaceutical synthesis and materials
science.

Over the past decades, there has been a growing fascination with metal
nanoparticles (NPs) owing to their distinctive properties, which make them of interest for
a wide array of applications in the field of catalysis.®” Generally, metal nanoparticles are
inherently unstable and show low catalytic activity due to aggregation, agglomeration, and
even precipitation out of solution. Therefore, metal nanoparticles must usually be
supported on solid surfaces.®®’° During a catalytic reaction, supports can play either direct
or indirect roles, such as providing specific defect sites and stabilizing metastable
particles.®® Supports can provide additional functionalities to the supported metal catalyst
such as acidity or basicity and may transfer electrons between the metal particles and
support.”> 72 All these factors have a significant impact on the catalytic properties of
supported metal catalysts.”

In late 1970s, supported gold (Au) was demonstrated as the catalyst of choice for
producing vinyl chloride monomer via the acetylene hydrochlorination reaction.®7* Later,
oxide-supported Au nanoparticles were introduced as an effective catalyst for low-

temperature oxidations of H2 and CO." Since then, Au catalysis has become the subject of



attention from both the academic and industrial research communities. Over the past
decade, supported Au nanoparticles have gained recognition as effective and
discriminating catalysts in the oxidation and hydrogenation of a wide range of organic
compounds, notably hydrocarbons with diverse structures and organic compounds
containing oxygen, such as alcohols and carbohydrates.”

Bimetallic catalysts, which consist of two different metal components, are widely
used in catalysis to enhance catalytic activity, selectivity, and stability compared to single-
metal catalysts due to the synergistic effect of the two metals.”® Among them, Au-based
bimetallic catalysts are of particular interest due to the unique properties of Au, such as its
high catalytic activity for various reactions and its ability to stabilize other metal
nanoparticles such as Pd, Pt, Ag, Cu etc.”” ® It was observed that several factors
significantly influence the activity, selectivity, and stability of Au bimetallic catalysts.
These factors include the choice of the second metal, the ratio of gold to the second metal,
the structural configuration of the bimetallic catalysts, as well as the size and shape of the
nanoparticles. The synthesis method of these bimetallic catalysts plays a crucial role in
determining the nanoparticles' size and shape, which subsequently impacts their
performance.”® 8

The objective of this review is to make a substantial and critical contribution to the
field by shedding light on the advancements related to supported Au-based bimetallic
catalysts. This review will encompass several key aspects, including the structural
characteristics of these catalysts, the various methods employed in their preparation,

characterization techniques and their most notable and impactful applications.

2.2 Types of Nanoalloys

1_81

According to Ferrando et al.®" various factors play a role in determining the type of

mixing that takes place between two metals. These factors include the relative strength of
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the bond between the two different metals, the surface energy of the metals, the relative
sizes of their atoms, and the presence of stabilizers.3! 8 In certain cases, the strength of the
bond between two different metals in an alloy can be stronger than that of the individual
pure metals. When this occurs, it tends to promote a thorough mixing of the metals within
the alloy. Conversely, if the bond strength is weaker, it can lead to the segregation of the
two metals. Additionally, when considering the surface properties of the two metals, the
metal with the lower surface energy tends to migrate to the alloy's surface, forming an outer
layer or shell. Conversely, smaller atoms have a preference for occupying the inner core of
the alloy. Furthermore, the phenomenon of charge transfer plays a role. Electron transfer
from less electronegative elements to more electronegative ones encourages the mixing of
elements within the alloy.®! Based on these factors, nanoalloys can be categorized into four
main types based on the way metal atoms mix together. These categories are core-shell
nanoalloys, subcluster nanoalloys, mixed nanoalloys, and multi-shell nanoalloys, as

illustrated in Figure 2.1.%?
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Figure 2.1 Representative mixing patterns of core—shell (a), subcluster segregated (b),
mixed (c), multi-shell nanoalloys (d). Reprinted with permission of chemical society
reviews: Sankar, M.; Dimitratos, N.; Miedziak, P. J.; Wells, P. P.; Kiely, C. J.; Hutchings,
G. J., Designing bimetallic catalysts for a green and sustainable future. Chemical Society

Reviews 2012, 41 (24), 8099-8139.%

In the case of core-shell alloys, one metal forms a shell around the core made of
another metal. Zhang et al.3 introduced a novel method for synthesizing FeAu core-shell
nanoparticles. This method involves using wet chemistry to create an Fe core, followed
using 532 nm laser irradiation on the Fe nanoparticles and Au powder in a liquid medium
to deposit an Au shell. Finally, the nanoparticles are purified through sequential magnetic
extraction and acid washing.

Mixed nanoalloys can have either a random atomic structure or an ordered atomic

structure at the interface. Random atomic structures are more common than ordered ones,
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especially in Au-based bimetallic nanoalloys like PdAu and MnAu.3* 35 Subcluster-
segregated nanoalloys are composed of two distinct types of atoms organized into
subclusters. These subclusters can either interact at a mixed interface, or they may be
connected by only a limited number of bonds within a bimetallic catalyst. In theory, such
a mixing pattern is feasible, but there are no reported instances of this specific pattern in
the existing literature.®! Lastly, multi-shell nanoalloys can occur when there are multiple
concentric shells covering the core metal, resulting in an "onion-like" structure. Some
recent reports in the literature have described bimetallic and trimetallic alloys with this type

of structure.?% 37

23 Synthesis of Au-Based Bimetallic Catalyst Systems

Bimetallic nanoalloys can be synthesized using various techniques, such as gas-
phase synthesis, solution-based methods, or deposition onto a solid support matrix.’> 88
Some of these approaches for making bimetallic nanoalloys resemble those used for
producing monometallic nanoparticles.® However, due to the inclusion of a second metal
component, the complexity in fabricating these materials increases significantly. The
choice of preparation method depends on the specific catalytic application, desired
composition, and structure of the bimetallic catalyst. It is essential to consider factors such
as catalytic activity, stability, and cost when selecting a method for synthesizing bimetallic
catalysts.”® Additionally, characterizing the catalyst's structure and composition is crucial
to understanding its catalytic performance. Hence, it is imperative to carefully select the
synthesis method to achieve the desired structure and properties for the bimetallic material

in question.®? In this section we will summarize the most used synthesis methods to

preparation of supported gold based bimetallic catalysts.
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2.3.1 Sol-immobilization method (SIM)
The Sol-Immobilization Method (SIM) represents a widely adopted technique for
fabricating bimetallic catalysts, including those incorporating gold (Au) and another

metal.”!

This method requires the synthesis of bimetallic nanoparticles within a solution,
followed by their subsequent immobilization or deposition onto a solid support material.
SIM offers precise control over key catalyst attributes, such as composition, size, and
structure.’® 2 To implement this approach, the first step is to dissolve metal precursors of
both metals in an appropriate solvent. It is essential to ensure that the ratios of the two
metal precursors align with the desired bimetallic composition, a decision guided by the
specific catalytic application and the targeted properties. Next, to prevent the aggregation
of nanoparticles and ensure their stability, a suitable stabilizing agent, such as surfactants
or polymers, is introduced into the solution.”” ** Subsequently, a reducing agent, such as
NaBHa, is gradually added to the mixed metal precursor solution. This step initiates the
reduction process, ultimately leading to the formation of bimetallic nanoparticles within
the solution. Following the generation of the nanoparticle-containing sol, the colloid is
immobilized by addition of an appropriate support material under vigorous stirring. Careful
washing of the immobilized nanoparticles, using an appropriate solvent, is crucial to
remove any excess or unbound nanoparticles and stabilizers. Finally, the solid support with

the immobilized bimetallic nanoparticles is dried under controlled conditions to obtain the

final supported bimetallic catalyst.

The design and utilization of Au—Pd catalysts have been thoroughly investigated
by the Hutchings group.”! They synthesized Mg—Al mixed metal oxide supported Au—Pd
catalysts using the sol-immobilization method. The resulting materials exhibited excellent
catalytic activity for alcohol oxidation. Notably, when using this Mg—Al mixed metal
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support, alloying Pd with Au resulted in an increase in both activity and selectivity for
benzyl alcohol oxidation to benzaldehyde, and, moreover, an improved resistance to
catalyst deactivation compared with the monometallic Pd and Au catalysts.

Bianchi et al.”* conducted the synthesis of carbon-supported bimetallic catalysts
featuring gold (Au) as the primary metal and either palladium (Pd) or platinum (Pt) as the
second metal. This was achieved using the sol-immobilization method, with a specified Au
to other metal (Pt or Pd) ratio of 1:1. However, they introduced variations into the sol-
immobilization method through three different approaches. In the first method, the
procedure started with the dissolution of the Au precursor in deionized water (DI H20).
Subsequently, a stabilizer (polyvinyl alcohol, PVA) and reducing agent (NaBH4) were
added to generate Au(0) nanoparticles. Following this, a stock aqueous solution of the other
metal (either Pd or Pt) and a NaBHa4 solution were introduced into the solution containing
the Au nanoparticles. In the second method, the catalyst preparation process was reversed
compared to the first method. Initially, Pd or Pt nanoparticles were prepared, and then the
Au precursor and reducing agent were added. The third approach involved adding a stock
aqueous solution (Pd or Pt) and PV A solution to a solution of Au in DI H20. Subsequently,
the metals were reduced using a NaBHa4 solution. Ultimately, these three distinct bimetallic
nanoparticles were individually deposited onto the carbon (C) support.

In the context of catalyst characterization techniques, the researchers employed X-
ray Photoelectron Spectroscopy (XPS) to analyze the surface atomic composition of the
bimetallic catalyst samples. The XPS findings revealed variations in the Au/Pd ratios
among the catalysts prepared through different methods. Notably, the (Au—Pd)/C catalyst
prepared using the first method exhibited the lowest Au/Pd ratio, while the one prepared
via the second method showed the highest ratio. Qualitatively, it was observed that the
(Au-Pd)/C catalyst prepared with the third method approached a surface metallic
composition of Au/Pd that closely matched the bulk formulation. These catalyst samples

were then applied to the oxidation of glycerol. The results of the oxidation experiments
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indicated that the (Au—Pd)/C catalyst prepared using the third method exhibited superior
glycerol conversion and displayed a higher selectivity toward glyceric acid. In contrast, a
comparative analysis of various preparation methods suggested that the first and second

methods, whether involving Pd or Pt catalysts, yielded similar catalytic activity.

2.3.2 Deposition-precipitation (DP) method

Deposition-precipitation methods are a common choice for the synthesis of Au-
based bimetallic catalysts, offering precise control over the dispersion of metal
nanoparticles on a support material.®* In this approach, metal precursors are initially
deposited onto the support's surface from a solution, often forming metal ions adsorbed
onto the support. Subsequently, a precipitation step is introduced, where these adsorbed
metal ions are converted into solid metal nanoparticles. This transformation is frequently
facilitated by the addition of a reducing agent, such as sodium borohydride (NaBH4) or
another suitable chemical species, which induces the reduction of metal ions into the
metallic form. The result is a well-dispersed and stable bimetallic catalyst comprising Au
and the second metal. One of the key advantages of deposition-precipitation methods is
their ability to achieve a high degree of control over the size, composition, and distribution
of metal nanoparticles on the support. Researchers can fine-tune these parameters by
adjusting factors such as the concentration of metal precursors, the nature of the support
material, the pH of the solution, and the choice of reducing agent.”® This control is pivotal
in tailoring the catalytic properties of Au-based bimetallic catalysts for specific reactions.
Additionally, deposition-precipitation methods are applicable to various support materials,
including oxides, carbon-based materials, and more, enabling the design of catalysts with
diverse applications.”®%

This method can take the form of co-deposition-precipitation (co-DP) or successive

deposition-precipitation.® It is important to note, however, that this method is not suitable
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for the deposition-precipitation of Au when the supports are oxide materials with a low
point of zero charge (PZC <5), examples of which include silica (PZC ~2), silica-alumina
(PZC ~1), or activated carbons.?® °% 1% In this process, the Au precursor or the secondary
metal is dissolved in an appropriate solvent. Subsequently, this solution is introduced into
a solvent containing the suspended support material, with continuous stirring. It is crucial
to maintain the gold precursor's concentration at a level that achieves the desired loading
of gold on the support. The adjustment of pH in the mixture is then necessary to induce the
precipitation of Au or the secondary metal onto the support. It is worth noting that pH plays
a pivotal role in influencing the deposition process.!"> 12 The ideal pH for the deposition
of metal particles onto a support can vary depending on the specific metal and support
material under investigation. This choice is significant because it can impact several
factors, including the stability of metal ions in the solution, the electrochemical
characteristics of the metal, and the interaction between the metal and the support material.

Subsequently, the addition of a reducing agent, such as NaBH4, to the mixture
occurs incrementally. This reducing agent serves to convert any remaining Au ions into
Au(0) nanoparticles on the support. It is essential to regulate the rate of addition to prevent
rapid precipitation. Subsequently, the same process is repeated for depositing the second
metal onto the support, following the same methodology employed for the initial gold
deposition. The precursor solution of the second metal is introduced into the mixture
containing the previously deposited Au. If necessary, the pH is adjusted again to align with
the optimal pH conditions for the second metal's deposition. Upon the completion of the
deposition-precipitation process, the catalyst material undergoes thorough washing to
eliminate any residual reactants or byproducts. This typically involves a series of
centrifugation or filtration steps employing an appropriate solvent. The catalyst is
subsequently dried to prepare it for further use.

Zanella et al.!®

conducted an investigation on bimetallic Au—Ag catalysts
supported on TiO2 for CO oxidation, while systematically varying the Au/Ag atomic ratio.
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They employed a sequential deposition—precipitation method to synthesize the bimetallic
catalyst, utilizing NaOH for metal deposition onto the support. In this synthesis process,
Ag was initially deposited onto the TiOz substrate, followed by drying at 80°C for 2 hours.
Subsequently, Au was deposited using the DP method. Notably, urea served as the reducing
agent in this catalyst preparation, and the pH of the medium was meticulously controlled
within the range of 2 to 3. Furthermore, following the addition of the TiO2 support to this
solution, the suspension's temperature was maintained at 80°C and held constant for a
duration of 16 hours under continuous stirring.

Based on the results obtained from the ICP-OES analysis, they observed that in the
case of bimetallic samples, the actual Au loadings closely approximated the theoretical
value of 4 wt%. However, for Ag, the actual loading consistently fell below the nominal
loading. They concluded that there may have been a leaching of silver during the gold
deposition process, possibly because the silver was initially deposited on the TiO2 support.
Additionally, through TEM analysis, the particle size distribution of each catalyst sample
was determined. Regardless of the Au/Ag ratio in the bimetallic catalyst samples, they
found that the average particle size remained fairly consistent at approximately 3.7-3.9 nm.
Notably, these particle sizes were significantly smaller compared to the Ag particles in the
Ag/TiOz catalyst (9 nm) and similar in size to the Au particles in the Au/TiO2 catalyst (4.1

nm).

Mimura et al.!® investigated glycerol oxidation using a bimetallic Au—Pd/TiO2
catalyst system prepared via the Deposition—Precipitation (DP) method with certain
modifications. Their modified DP approach deviated from the standard DP procedure as
follows. Initially, they dissolved the Pd precursor (PdCl2) in deionized water (DI H20).
Given that palladium chloride exhibits limited solubility in water, a small quantity of
hydrochloric acid (HCI) was introduced as a solvent to facilitate preparation of the PdCl2

solution. Subsequently, the Au precursor was added, forming an Au—Pd mixed solution.
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The pH of this mixed aqueous solution was adjusted to fall within the range of 6.3-7.0
through the addition of a sodium hydroxide solution. Following this pH adjustment,
titanium dioxide powder was introduced into the solution, and the mixture was stirred for
a duration of 3 hours at a temperature of 343 K. Subsequently, the solid fraction was
isolated, and a thorough washing with distilled water was carried out to eliminate sodium
cations and chloride anions. The washed catalyst precursor underwent a calcination process
at 673 K for a period of 4 hours in an air environment.

Based on the results of catalyst characterization, they observed that the actual
atomic ratios of metals in the bimetallic catalysts were consistently lower than the
theoretical atomic ratios anticipated from the solution employed during their preparation.
Additionally, the STEM analysis revealed that the average diameter of the Au-Pd particles
was 7.1 nm, notably larger than the particle size of monometallic Au particles, which
measured approximately 3.4 nm. Moreover, the presence of hemisphere-shaped particles
was observed in both bimetallic and monometallic catalyst samples, firmly adhering to the
TiOz support surface. High-resolution EDS images revealed a distinctive metal distribution
within the Au-Pd nanoparticles, resembling a core-shell-like rather than a homogeneously

mixed alloy.

2.3.3 Chemical reduction method

Chemical reduction methods are widely employed in the synthesis of Au-based
bimetallic catalysts due to their simplicity, versatility, and effectiveness.'®> % These
methods involve the reduction of metal precursors to form nanoparticles on a support
material. In the case of Au-based bimetallic catalysts, this approach allows for the
controlled incorporation of another metal, creating unique catalytic materials with
enhanced properties. Typically, metal salts or complexes of both Au and the second metal

are dissolved in a suitable solvent, and a reducing agent is introduced to facilitate the
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reduction process. Common reducing agents include sodium borohydride (NaBHa),
hydrazine (H2N2), and H2.%? The primary challenge encountered in this catalyst preparation
is the absence of uniformity in terms of particle size and shape, as well as the difficulty in
achieving a precise match between the theoretical and experimental Pd/Au metallic ratio.'?’
By adjusting parameters such as the concentration of metal precursors, the type and amount
of reducing agent, and reaction conditions such as temperature and pH, researchers can

tailor the catalyst's properties to meet specific requirements.® This fine-tuned control over

composition and morphology is crucial for optimizing catalytic performance.®

Additionally, these methods are compatible with a wide range of support materials,
allowing for the synthesis of Au-based bimetallic catalysts on diverse substrates, including

oxides, carbon-based materials, and more.%?

Liu et al.!% developed a method to create bimetallic catalysts composed of Au-Cu
and Au-Ag on silica supports, specifically SBA-15, which had been previously
functionalized with APTES (3-aminopropyl triethoxysilane). Their approach employed a
chemical reduction method for catalyst designed to catalyze CO oxidation. Initially, a
solution of HAuCls was introduced to the support, followed by reduction using NaBHa.
Subsequently, the resulting solid was subjected to a thorough washing process. It was then
immersed in an aqueous solution containing either copper or silver nitrate, with subsequent
reduction accomplished through the addition of NaBH4. Following another round of
washing and drying, the solid underwent a two-step heat treatment: initial calcination at
500°C, followed by reduction at 550°C in the presence of hydrogen gas (H2). The authors
emphasized that this thermal treatment involving H: reduction was critical for the
formation of the Au-Cu or Au-Ag alloy in the catalyst structure.

Through TEM analysis, the examination of the particle size distribution in the Au-

Cu alloy was carried out, revealing a uniform dispersion of all nanoparticles within the

26



channels of SBA-15. Notably, the Au particles within the Au/SBA-15 exhibited an average
particle size of approximately 5.6 nm, whereas the copper particles in the Cu/SBA-15
ranged from 2 to 3 nm in size. An intriguing observation emerged when alloying Au with
Cu, resulting in significantly smaller particle sizes compared to pure Au, measuring 2.9 nm
for Au:Cu in a 3:1 ratio and 3.0 nm for Au:Cu in a 1:1 ratio. Evidently, these particle size

distribution findings align well with the XRD results.

24 Characterization of Au-Based Bimetallic Catalysts

The synergy between Au and another metal in bimetallic catalysts can lead to
enhanced catalytic performance, making them valuable tools in catalysis research.!® The
introduction of additional metals into gold alloys has substantially expanded our ability to
fine-tune the structural features of these catalysts, albeit with increased structural
complexity.!” Beyond considerations of particle size and morphology, factors such as
composition, distribution, and surface ordering emerge as crucial determinants of catalyst
activity, selectivity, and stability. To establish meaningful connections between specific
sites within bimetallic systems and their catalytic behaviors, it becomes imperative to
conduct structural characterization of these catalysts at nanometric and even atomic
scales.!® A range of characterization techniques for identification and characterization of
the Au based bimetallic catalysts. This section offers an in brief exploration of the
characterization techniques employed for the analysis of Au-based bimetallic catalysts,
with a particular focus on their structural, chemical, and catalytic attributes.

X-ray Diffraction (XRD) is an essential tool for structural characterization. It
provides information about the crystallographic structure of the catalyst, helping identify
the crystalline phases present in the catalyst.!!! In the case of Au-based bimetallic catalysts,
1112,

XRD can reveal the presence of alloy phases formed between Au and the second meta

113 The diffraction patterns obtained can be matched with known crystallographic databases
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to identify the specific phases and their relative proportions. This technique also provides
information about the lattice parameters and can confirm the existence of an alloy structure
in bimetallic catalysts.!'* XRD is also commonly employed for assessing particle size
based on the width of the diffraction peaks.'!> However, its effectiveness diminishes for
particles smaller than 3 nm.

Transmission Electron Microscopy (TEM) is a powerful technique used to
investigate the morphology and particle size distribution of catalyst nanoparticles.!'® Au-
based bimetallic catalysts often consist of metal nanoparticles supported on various
substrates. TEM allows researchers to visualize the shape and dispersion of these
nanoparticles, providing valuable insights into the catalyst's structure. Furthermore,
Energy-Dispersive X-ray Spectroscopy (EDS) can be coupled with TEM to determine the
elemental composition of individual nanoparticles.!!'¢ This aids in confirming the presence
and distribution of the second metal within the bimetallic catalyst. This comprehensive
characterization approach offers insights into the structure-function relationships of Au-
based bimetallic catalysts, essential for optimizing their performance in catalytic
applications.

X-ray Photoelectron Spectroscopy (XPS) is a powerful surface analytical technique
employed for the characterization of Au-based bimetallic catalysts, providing valuable
insights into their chemical composition and surface properties.”® !'7 It is also is used to
identify oxidation states, and provide information about the chemical environment of the
elements present.”” 13- 117 In the case of Au-based bimetallic catalysts, XPS can be
particularly useful in elucidating the distribution and interaction of the constituent metals
(e.g., Au and another metal like Pt or Pd) on the catalyst surface, which is crucial for
understanding the catalyst's catalytic activity and selectivity. Furthermore, XPS can
provide detailed information about the surface chemistry of Au-based bimetallic catalysts,
revealing the presence of surface oxides, functional groups, and adsorbed species.''® This

characterization technique is essential for optimizing catalyst synthesis and modification
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processes, as it helps researchers fine-tune the catalyst's surface properties to enhance its
catalytic performance.

Characterization of Au-based bimetallic catalysts using Diffuse Reflectance
Infrared Fourier-Transform Spectroscopy (DRIFTS) is an invaluable analytical technique
that provides insights into the surface chemistry and catalytic activity of these materials.'!*
120 DRIFTS allows for the examination of the catalyst's surface adsorption properties and
the identification of active sites by probing molecular vibrations at the catalyst's surface.!'*:
120 By adsorbing various probe molecules such as CO onto the catalyst's surface,
researchers can monitor the changes in their vibrational spectra, thus revealing the
interactions and binding strengths between the catalyst and these molecules. This
information is critical for understanding the catalyst's catalytic mechanism and its potential
applications in various chemical reactions. Furthermore, DRIFTS enables the in-situ
monitoring of catalytic reactions, offering real-time data on reaction intermediates and

products, which is essential for elucidating reaction mechanisms and optimizing catalytic

Processces.

2.5  Applications of Au-Based Bimetallic Catalysts

The utilization of Au in catalysis has garnered considerable attention in recent
decades, primarily owing to its distinctive electronic and geometric attributes.’® 12> 122
Gold nanoparticles exhibit exceptional stability and can facilitate reactions under mild
conditions that often present challenges for other metallic elements.” 12> However, single-
metal Au-based catalysts often encounter limitations, including constrained activity and
selectivity, in a variety of catalytic processes. To overcome these constraints, researchers
have turned to bimetallic catalysts, merging the unique qualities of Au with those of another

metal, to achieve enhanced catalytic performance. Indeed, bimetallic systems featuring Au

nanoparticles have attracted significant attention. Combining Au with a second metal
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allows for the development of catalytic systems featuring unique physical and chemical
properties not typically observed in individual monometallic catalysts.'** This is largely
due to the synergistic effect generated by the interaction between the two metals. It has
been observed that various factors, such as the choice of the second metal, the Au to second
metal ratio, the structural characteristics of bimetallic catalysts, as well as the size and
shape of nanoparticles, which are, in turn, determined by the synthesis method of these
bimetallic catalysts, exert a significant influence on their activity, selectivity, and
stability.'”* These bimetallic catalysts have generated substantial interest due to their
capacity to synergistically adjust catalytic behavior by modifying electronic, structural, and
adsorption properties.'?> The applications of Au-based bimetallic catalysts span a wide
spectrum of fields, encompassing environmental catalysis, energy conversion, chemical
synthesis, biomedical applications, and sensing technologies. In this section, we will delve

into the applications of Au-based bimetallic catalyst for oxidation reactions.

2.5.1 Benzyl alcohol oxidation

Benzyl alcohol is important as a versatile precursor in the synthesis of various fine
chemicals, fragrances, and pharmaceuticals.!?!2® The oxidation of benzyl alcohol to
benzaldehyde or benzoic acid represents a fundamental and industrially relevant chemical
transformation.'?” ' This process is not only crucial for the production of valuable
intermediates but also serves as a model reaction to study catalytic mechanisms and explore
the potential of novel catalysts.'” Gold and its bimetallic counterparts have emerged as
promising catalysts for the oxidation of benzyl alcohol.!*°

The study of benzyl alcohol oxidation with Au-based bimetallic catalysts is not only
of academic interest but also holds practical significance in the synthesis of key
intermediates for various industries.!*® This catalytic system exemplifies the potential of

bimetallic catalysts in fine chemical synthesis and showcases the evolving landscape of
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catalysis, where innovative materials and strategies are continuously explored to meet the
demands of sustainable and efficient chemical processes. In this context, understanding the
mechanisms and optimizing the performance of Au-based bimetallic catalysts in benzyl
alcohol oxidation remains a compelling area of research with broad implications for both
academic and industrial applications.'3% 13!

Depending on the specific reaction parameters, such as temperature, choice of
solvent, and oxygen pressure applied in the oxidation of benzyl alcohol, many side-
products including benzene, benzoic acid, benzyl benzoate, and toluene have been reported

to be formed besides the main product, benzaldehyde (see scheme 2.1).°%: 11
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Scheme 2.1 Benzyl Alcohol Oxidation Reaction Network

Numerous research papers have explored the use of Au-based bimetallic systems
for the oxidation of benzyl alcohol in the literature. However, conducting a comprehensive
comparison among these studies is challenging due to the variations in reaction conditions
and catalyst preparation methods.”’" ' Additionally, researchers have investigated a
diverse array of supports, including activated carbon, carbon nanotubes, TiO2, SiO2, and
polymers, further complicating direct comparisons.''? Table 2.1 present a selection of
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instances where benzyl alcohol oxidation has been performed using Au-Pd based bimetallic catalyst systems.'!°

Table 2.1 Oxidation of benzyl alcohol over supported AuPd bimetallic catalyst. Reprinted with permission of the Royal Society of
Chemistry: Villa, A.; Wang, D.; Su, D. S.; Prati, L., New challenges in gold catalysis: bimetallic systems. Catalysis Science &
Technology 2015, 5 (1), 55-68.'1°

Reaction Conditions Selectivity
Catalyst Solvent T(K) pO:2 Metal/sub TOF Benzaldehyde | Toluene | Benzyl Benzoic
(bar) ratio benzoate | acid
1 1% Pd/AC Toluene | 333 1.5 1/500 38 >99 - -
2 1% Pd40@(Au60/AC) Toluene | 333 1.5 1/500 54 94 - - -
3 1% Pd10@(Au90/AC) Water 333 1.5 1/500 780 >99 - - -
4 1%Pd20@(Au80/AC) Water 333 1.5 1/500 1021 | >99 - -
5 1%Pd40@(Au60/AC) Water 333 1.5 1/500 985 >99 - -
6 1%Pd80@(Au20/AC) Water 333 1.5 1/500 716 >99 - - -
7 1%Pd10@(Au90/AC)a Water 333 1.5 1/500 1140 |28 - 2 40
8 1%Pd20@(Au80/AC)a Water 333 1.5 1/500 1189 | 46 - 22 32
9 1%Pd40@1JAu60/AC)a Water 333 1.5 1/500 1071 | 45 - 24 31
10 | 1%Pd80@IJAu20/AC)a Water 333 1.5 1/500 776 50 - 24 26
11 | 5%Au50-Pd50/TiO, None 383 1 Nd 14270 | Nd Nd Nd Nd
12 | 5%Au50-Pd50/TiO, None 393 1 Nd 26400 | Nd Nd Nd Nd
13 | 5%Au50-Pd50/TiO, None 433 1 1/55000 86500 | Nd Nd Nd Nd
14 | 1% Au + Pd/ACSI None 393 10 1/55000 1800 | 79 2 - 4
15 | 1% Au + Pd/ACI None 393 10 1/55000 500 69 10 - 3
16 | 1% Au + Pd/TiO, None 393 10 1/55000 15360 | 69 27 2 2
17 | 1% Pd50@Au50/TiO, None 393 10 1/55000 19250 | 77 18 2




18 [ 1% AuS0@Pd50/TiO; None 393 10 1/55000 17360 | 72 23 3 2
19 | 1% Au50 + Pd50/AC None 393 10 1/55000 35400 | 55 41 2 1
20 | 1% Pd50@AuS0/AC None 393 10 1/55000 41930 | 63 35 0 2
21 [ 1% AuS0@Pd50/AC None 393 10 1/55000 24310 | 65 29 3 3
22 [ 1% Au+Pd/TiO; calc. 673K | None 393 10 1/55000 3940 |70 22 6 2
23 | 1% Pd50@Au50/TiO; calc. | None 393 10 1/55000 8650 | 72 21 5 2
673 K
24 | 1% Au5S0@Pd50/TiO; calc. | None 393 10 1/55000 8780 | 69 25 4 1
673 K
25 [ 1% Au50 + PdS0/AC calc. | None 393 10 1/55000 2490 |79 2 10 4
673 K
26 | 1% Pd50@AuS0/AC calc. | None 393 10 1/55000 2430 |75 3 13 4
673 K
27 [1% AuS0@Pd50/AC calc. | None 393 10 1/55000 3410 |79 5 11 4
673 K
28 | 1% Pd40@IJAu60/CNFs) | None 393 1.5 1/35000 6076 | 74 18 1
29 | 1% Pd40@IJAu60/N-CNFs) | None 393 1.5 1/35000 52638 | 76 11 5
30 | 2% Au70 + Pd10/PANIa | Toluene | 373 1 1/150 16 71 Nd Nd Nd
31 | 2% Au50 + Pd50/PANIa | Toluene | 373 1 1/150 16 82 Nd Nd Nd
32 [ 2% Aul0+Pd90/PANIa | Toluene | 373 1 1/150 14 98 Nd Nd Nd
33 | 3Au-1Pd/APS-S16 None 413 1 Nd 4052 |89 11 Nd 0
34 | 1Au-1Pd/APS-S16 None 413 1 Nd 4715 | 94 6 Nd 0
35 | 1Au-2Pd/APS-S16 None 413 1 Nd 6575 |94 5 Nd 1
36 | 1Au-3Pd/APS-S16 None 413 1 Nd 7864 | 91 8 Nd 1
37 | 1Au-5Pd/APS-S16 None 413 1 Nd 8667 | 94 5 Nd 1
38 [ 1% Au-0.5% Pd/y-ALOs | Toluene | 333 1 1/500 55 |81 - 19 -
39 | 1% Au+0.5% Pd/y-Al,O; | Toluene | 333 1 1/500 264 | 84 - 14 -
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40 | 1% Pd40@I1JAu60/AC) Cyclohex | 353 2 1/5000 2261 89 1
ane

41 1% Au50 + Pd50/TiO; None 393 10 1/100000 63800 | 67 23

42 | 1%Au45 + Pd45+ Pt10/TiO; | None 393 10 1/100000 31900 | 80 13
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Hutchings' group was among the first researchers to demonstrate the efficiency of
the sol immobilization method for creating uniform AuPd alloys supported on Mg—Al
mixed metal oxides (MgAl-MMO) and to test this catalyst for the solvent-free oxidation of
benzyl alcohol in the presence of O2.”! In their study, a range of catalysts was synthesized
by varying the Au to Pd molar ratio, including monometallic Au and Pd catalysts supported
on Mg—Al mixed metal oxides. The impact of the Au: Pd ratio on the benzyl alcohol
oxidation reaction was explored. The results indicated that Au:Pd with a 1 : 1 weight ratio
exhibited the highest catalytic activity, with a turnover number of 13,000 achieved after
240 minutes, while maintaining a benzaldehyde selectivity of 93%. Additionally, they
assessed catalyst stability by subjecting the used catalyst to repeated oxidation reactions
under the same conditions and performed a leaching study using ICP analysis. The
reusability test revealed a significant decline in catalytic activity for the monometallic Au
and Pd catalysts during these recycling tests. However, ICP analysis confirmed only 6.5%
Au leaching, with negligible Pd leaching observed. The researchers attributed the
deactivation to potential agglomeration and poisoning of Au and Pd nanoparticles. In
contrast, the bimetallic Au—Pd catalyst exhibited complete reusability with high catalytic
activity and showed no metal leaching. In summary, the bimetallic Au—Pd catalyst
displayed superior activity, benzaldehyde selectivity, and stability during the solvent-free
oxidation of benzyl alcohol.

The same researchers also investigated the role of the support in benzyl alcohol
oxidation using the AuPd bimetallic catalyst system. To do this, they immobilized Au—Pd
nanoparticles on commercial MgO for comparison with the Au—Pd/MgAl-MMO catalyst.
The results indicated that the Au—Pd/MgAI-MMO and Au—Pd/MgO catalysts exhibited
similar selectivity to benzaldehyde but showed significantly lower benzyl alcohol
conversion in the case of the Au—Pd/MgO catalysts. Their conclusion highlights the
significance of the support material in relation to the catalyst's performance in the oxidation

of benzyl alcohol. They found that MgAI-MMO, having both acidic and basic sites,



enhances both the activity and selectivity in this process, whereas the MgO support,
characterized by basic sites only, primarily enhances the selectivity of the reaction.

Based on their experimental findings and prior research, the Hutchings et al.”!
proposed a plausible mechanism involving Au—Pd nanoparticles as active sites (Figure
2.2). This mechanism illustrates that the oxidation of benzyl alcohol proceeds through a
collaboration between bimetallic Au—Pd nanoparticles and the base—acid sites on the
surface of the MgAI-LDH support. In the first step, benzyl alcohol interacts with a basic
Mg-OH?" site on the MgAI-LDH to form an alkoxide intermediate. In the second step, the
intermediate undergoes coordination to form a metal-H bond with the coordinately
unsaturated active center, generating unstable metal-alcoholate-LLDH species. This species
then undergoes B-hydride elimination to produce metal-hydride species at the catalyst
interface, along with the corresponding carbonyl compound. The third step involves the
rapid oxidation of the metal hydride by oxygen, facilitated by the acid sites of the support,

while the initial metallic site is regenerated, completing the catalytic cycle.
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Figure 2.2 The possible reaction pathway of the solvent free oxidation for benzyl alcohol
over Au—Pd/MgAIl-MMO catalyst. Reprinted with permission of the Royal Society of
Chemistry: Feng, J.; Ma, C.; Miedziak, P. J.; Edwards, J. K.; Brett, G. L.; Li, D.; Du,
Y.; Morgan, D. J.; Hutchings, G. J., Au—Pd nanoalloys supported on Mg—Al mixed metal
oxides as a multifunctional catalyst for solvent-free oxidation of benzyl alcohol. Dalton

Transactions 2013, 42 (40), 14498-14508."!

Prati's research group was among the early pioneers in showcasing the effectiveness
of the sol immobilization technique for creating homogeneous AuPd and AuPt alloys
supported on activated carbon (AC)."> They conducted experiments comparing
monometallic (Au, Pd, Pt) and bimetallic (Au—Pd and Au—Pt) nanoparticles supported on
activated carbon, evaluating their performance in the conversion of benzyl alcohol under
mild conditions (T =60 °C, pO2 = 1.5 atm) and in two different solvents: toluene and water.
Based on their findings, in both solvents, monometallic Au/AC catalysts displayed low
activity, while Pt/AC exhibited higher activity than Pd/AC. Interestingly, the introduction
of Au alongside Pd had a promotional effect on activity, which was not observed with
bimetallic Au—Pt catalysts. Their analysis led to the conclusion that this difference might
arise from distinct interactions involving geometric and electronic effects in Au—Pd and
Au—Pt catalysts. They suggested that in the former catalyst, these effects synergistically
enhance activity, whereas in the case of AuPt catalysts, they may have a counteractive
impact.

Additionally, this research highlighted that all of the catalysts exhibited greater
activity in water compared to toluene. The synergistic effect of adding Au was particularly
evident in water: it positively influenced Pd (resulting in an increase in TOF from 30 to
160 h™") but negatively affected Pt (resulting in a decrease in TOF from 98 to 55 h™').

Notably, the results clearly demonstrated that the catalyst's superior performance was only
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observed when Pd was combined with Au. These trends were also observed in cinnamyl
alcohol oxidation experiments.

Ebitani et al.'** conducted a comprehensive investigation into the impact of
negatively charged gold (Au) states on the aerobic oxidation of alcohols using PVP
protected hydrotalcite-supported AuPd nanoclusters (designated as AuxPdy-PVP/HT).
Their study revealed a notable influence of palladium (Pd) content on the catalytic activity
of these catalysts during the aerobic oxidation of 1-phenylethanol to acetophenone. Various
AuxPdy-PVP/HT catalysts, differing in Pd content, were employed for these aerobic
oxidation reactions, and the corresponding results are presented in Table 2.2. Among these
catalysts, Aui00-PVP/HT exhibited no catalytic activity, whereas the bimetallic AuxPdy-
PVP/HT catalysts displayed varying levels of activity. Particularly noteworthy was the
outstanding performance of AusoPd40-PVP/HT, which achieved the highest acetophenone

yields.

Table 2.2 Aerobic oxidation of 1-phenylethanol using AuxPdy-PVP/HT catalysts with

various Pd content.'3
Metal amount
(mmol g!)
Catalyst Conv (%) | Yield (%) | Particle size (nm) | Au Pd
1 | Auioo-PVP/HT 2 0 Agglomerate 0.075 |0
2 | AusoPd20-PVP/HT | 100 99 3.1 0.115 ]0.034
3 | AusoPd4o-PVP/HT | 100 >99 2.6 0.054 | 0.042
4 | AusoPdeo-PVP/HT | 58 57 2.6 0.052 | 0.098
5 | AuxoPdso-PVP/HT | 19 19 2.6 0.023 | 0.135

The investigation further explored the correlation between charge transfer between
Au and Pd and the catalytic activity of the AuxPdy-PVP/HT catalysts using advanced
characterization techniques, including X-ray photoelectron spectroscopy (XPS) and X-ray

absorption near-edge structure (XANES) analysis. The XPS results revealed a distinctive
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shift in the Au 4f peaks towards lower energy values as the Pd content increased, indicative
of electron transfer from Pd to Au atoms in accordance with Pauling's electronegativity
principle.

Moreover, the authors proposed a comprehensive catalytic cycle for alcohol
oxidation over the AuxPdy-PVP/HT catalysts, as illustrated in Figure 2.3. This catalytic
cycle proceeds through a series of steps involving alkoxide intermediates and radical-like
peroxo-species. Initially, molecular oxygen (O2) attaches to the negatively charged Au site
on the AuxPdy nanoclusters, followed by the dissociation of the adsorbed O2 molecule due
to electron donation from Au 5d orbitals to the antibonding 27* orbital of Oz, leading to
the formation of AuO? peroxo- and/or AuO2?> superoxospecies. Subsequently, alcohol
molecules are adsorbed onto Au and/or Pd sites, forming metal-alkoxide complexes.
Importantly, the basic nature of the hydrotalcite (HT) support facilitates this step by
abstracting protons from alcohol molecules, resulting in the formation of [H-HT]" species.
In the next stage, hydrogen atoms on the a-carbon of the adsorbed alkoxide undergo
transformation into Au-peroxo- (and/or superoxo-) species through p-hydrogen
elimination. This transformation leads to the formation of the corresponding carbonyl
compounds and Au-hydroperoxide species. Finally, another O2 molecule interacts with the
Au surface, leading to the removal of the hydroperoxide species and the generation of H20,

thereby completing the catalytic cycle.
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Figure 2.3 The possible reaction pathway of the solvent free oxidation for 1-penyl ethanol
over AuxPdy-PVP/HT catalyst. Reprinted with permission of the Royal Society of
Chemistry: Nishimura, S.; Yakita, Y.; Katayama, M.; Higashimine, K.; Ebitani, K., The
role of negatively charged Au states in aerobic oxidation of alcohols over hydrotalcite

supported AuPd nanoclusters. Catalysis Science & Technology 2013, 3 (2), 351-359.133

Nagy et al."** conducted a comprehensive investigation into the selective oxidation
of benzyl alcohol to benzaldehyde using molecular O2 as the oxidizing agent. Their study
focused on catalysts comprising sol-derived alumina supports with bimetallic
combinations of Au-Ru and Au-Ir, each with a nominal atomic ratio of 1:1. These catalysts
were compared to monometallic counterparts consisting of Au, Ru, and Ir, both in calcined
and subsequently reduced states, in the presence and absence of equimolar K2COs, all of
which were tested in toluene at 80 °C. The oxidation results, summarized in Table 2.3,
revealed that the monometallic Au/Al2Os3 catalyst exhibited the highest activity across all
catalytic tests. In contrast, Ru/Al2O3 and Ir/Al203 monometallic catalysts displayed
minimal activity, while the bimetallic catalysts fell in between these extremes.

In reactions conducted without a base such as K>COs, Nagy et al. observed catalyst

deactivation at low conversions and lower initial reaction rates compared to those measured
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in the presence of K2COs. This deactivation was attributed to the poisoning effect of trace
amounts of benzoic acid. When a base was introduced into the reaction system, the initial
reaction rates for both calcined and reduced Au-Ru and reduced Au-Ir catalysts approached

those of Au/Al203.

Table 2.3 Comparison of the initial reaction rates in the benzyl alcohol oxidation and the

relative amount of CO adsorbed on gold.'**

Catalysts | Initial reaction rate | Relative IR Initial reaction rate
mmol/h/gcat band intensity mol/h/molmetal
of CO
adsorbed on
Au
without with without K2CO3 | with K2CO3
K2COs | Ka2COs
Calc | Red | Calc | Red | Calc Red Calc Red | Calc Red
Au/AL203 34 | 26 {102 | 87 | 1.00 | 0.87 373 284 | 1122 | 956
Ru/Al203 2 |1 1 1 - - 33 16 | 24 29
AuRwWALOs | 9 |11 | 73 | 79 10.07 | 0.07 113 130 | 885 965
Ir/AL2O3 1| 2 I [ 11| - - 8 11 3 58

Furthermore, the authors noted that since the activity of the alumina-supported
monometallic Ru and Ir catalysts was negligible in comparison to that of Au, it was
reasonable to assess the effect of the second metal by comparing the initial reaction rates
relative to the accessible Au sites. They observed that the incorporation of Ru or Ir with
Au led to an increase in the particle size of the bimetallic catalysts, with mean diameters
of >3.7 nm for Au-Ru and >5.0 nm for Au-Ir, while Au/Al203 had a mean diameter of
approximately 2.0 nm, i.e., the particle sizes in the monometallic Au/Al2O3 catalyst were
at least twice as small as those in the bimetallic catalysts. Additionally, the researchers
investigated the enrichment of Au on the catalyst surface using X-ray photoelectron
spectroscopy (XPS). The results suggested that the presence of Ir and Ru on the surface of

the bimetallic particles further reduced the concentration of surface Au atoms. This result
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indicated that the amount of surface Au atoms in the bimetallic particles is much lower
than the Au/Al>Os3 catalyst. Since the activity of the three catalysts in the presence of K2COs3
is similar, this implies that the surface Au atoms in the bimetallic catalysts must be much
more active than in the monometallic Au catalyst. Hence, this is a synergistic effect of Au

with Ru and Ir.

2.5.2 CO oxidation reaction

CO oxidation using heterogeneous catalysis is a significant area of research with
profound implications for both environmental and industrial applications.!*> The catalytic
oxidation of carbon monoxide (CO) is of utmost importance in the context of air
purification, particularly in exhaust gases from vehicles and industrial processes.'?
Heterogeneous catalysis, in this context, involves the use of a solid catalyst to facilitate the
conversion of CO into carbon dioxide (CO2) at relatively mild temperatures.'*® The
mechanism of CO oxidation typically involves a Langmuir-Hinshelwood mechanism,
where CO molecules adsorb onto the catalyst surface, resulting in re-ordering of the
catalyst surface sites for reaction.!>” Oxygen molecules also adsorb on the catalyst, and the
reaction proceeds through the interaction of adsorbed CO with adsorbed oxygen.'3% 137 This
reaction is exothermic, releasing energy in the form of heat, which further promotes the
oxidation process. The choice of support material and the nature of the metal catalyst play
a crucial role in determining the catalytic activity.!*® The size and dispersion of metal
nanoparticles, as well as the support's oxygen storage capacity, can also significantly
impact the catalyst’s performance.'*® One of the most widely studied type of catalyst for
CO oxidation is supported metal catalysts, with noble metals such as gold (Au), platinum
(Pt), silver (Ag) and palladium (Pd) being particularly effective due to their high catalytic

activity and resistance to poisoning.’® '3

42



Furthermore, researchers have explored various strategies to enhance the catalytic
performance of CO oxidation catalysts, including the addition of promoters, alloying with
other metals, and optimizing the catalyst's structure.'**!*? The catalytic activity is also
influenced by the reaction conditions, such as temperature, pressure, and the presence of
co-reactants.'*> 144 195 Understanding these factors is crucial for tailoring catalysts to
specific applications. Additionally, researchers continue to investigate the fundamental
aspects of CO oxidation using heterogeneous catalysis to develop more efficient and
environmentally friendly catalysts.!*> These studies are not only vital for improving air
quality but also for enabling more sustainable energy production and industrial processes
by mitigating the harmful effects of CO emissions.

The oxidation of CO has garnered substantial attention in the context of catalysis

1.7* This research revealed

by Au, especially in light of the pioneering work by Haruta et a
that Au nanocrystals can display remarkable catalytic efficiency for CO oxidation even at
temperatures below 0°C.”* 46 It is widely acknowledged that the method of preparation,
the choice of support material, and the control of particle size play pivotal roles in
determining the catalytic performance of Au catalysts.!*> 146 Numerous reviews within the
field of CO oxidation by supported Au particles have provided comprehensive insights into
various crucial aspects of this chemistry.!#¢1%° These reviews have shed light on key factors
such as the influence of the support material on reactivity, Au's active oxidation state, the
significance of water in the oxidation reaction, as well as the effects of particle size and
morphology, all contributing to a deeper understanding of Au-based catalysts for CO
oxidation.'#®

Furthermore, bimetallic catalysts, particularly those based on Au, have received
significant attention in the field of catalysis, particularly for the crucial CO oxidation
reaction.!® 150-152 Ay possesses remarkable catalytic properties, such as high catalytic

activity and excellent stability, making it an ideal candidate for various catalytic reactions.

However, its catalytic prowess in CO oxidation can be further enhanced by alloying it with
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another metal. Commonly used co-catalysts include silver (Ag), palladium (Pd), and
platinum (Pt), among others. The incorporation of these metals in controlled compositions
and structures can tune the catalyst's activity, selectivity, and thermal stability, making
bimetallic Au-based catalysts highly versatile for CO oxidation applications.

In the specific context of CO oxidation, Venezia et al.'>* conducted a study on
bimetallic Au—Pd catalysts supported on silica, exploring the impact of different Au:Pd
ratios. They created these bimetallic Au-Pd catalysts on a silica support by simultaneously
reducing Pd and Au precursors using ethanol in the presence of the polymer
polyvinylpyrrolidone (PVP).!® The results of CO oxidation tests indicated that
monometallic Pd catalysts exhibited significantly higher activity compared to
monometallic Au catalysts. Interestingly, bimetallic catalysts with a high proportion of Pd
behaved similarly to pure Pd catalysts. Venezia et al.'"®> observed a reduction in the
intrinsic activity of Pd when alloyed with Au, which was attributed in part to alterations in
Pd's redox properties, potentially reducing its ability to activate Oz. Notably, they did not
observe a substantial synergistic effect between the two metals on the silica support, and
the authors attributed the lower catalytic activity of Au/SiOz catalysts to the larger particle
size of gold. Additionally, they concluded that silica did not play a significant role in the
CO oxidation process, and there was no discernible interaction between the support and
the metal in this particular case.

Guczi's research group introduced titanium dioxide (TiO2)-supported bimetallic
AuPd catalysts. These catalysts were prepared by using Au(IIl) and Pd(II) precursor ions
in an aqueous medium, and they were reduced by a mixture of sodium citrate and tannin.”?
This process produced stable metal sols with a narrow size distribution. In the context of
CO oxidation, conducted at 60°C with a gas mixture of 5.6 mbar CO and 91.8 mbar Oz,
their experiments revealed that the activity of the AuPd bimetallic system was only slightly
higher than that of a physical mixture of Au and Pd. This suggests that there was only a

minimal synergistic effect. They did find a slight synergistic effect between Au and Pd
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when supported on titania for CO oxidation. Their conclusion was that this slight synergy
between the support and bimetallic particles can be attributed to the support's ability to
facilitate the production of activated oxygen.

Chung and colleagues conducted an investigation into the application of Au—Ag
alloy nanoparticles supported on mesoporous aluminosilicate as catalysts for low-
temperature CO oxidation reactions.!** They prepared monometallic Au and Ag catalysts,
as well as AuAg bimetallic catalysts, by varying the Au to Ag molar ratio while controlling
the total metal loading to 8 wt%. This synthesis was carried out in a single step, where the
formation of nanoparticles was coupled in an aqueous solution with the construction of a
mesoporous structure. Initially, they prepared the alloy Au—Ag nanoparticles in an aqueous
solution, employing a quaternary ammonium surfactant, and subsequently reduced the
nanoparticles by slowly adding a NaBHa solution. The resulting Au—Ag alloy nanoparticle
solution was then directly introduced into a sodium aluminosilicate solution with a pH
adjusted to approximately 9.0. Finally, the gel solution underwent a hydrothermal reaction
at 100 °C for 6 hours. The particle size of the catalyst was determined through both XRD
and TEM characterizations, revealing that the alloy particles were significantly larger than
the monometallic gold particles, with an increase in size corresponding to higher amounts
of Ag.

In the study of CO oxidation at room temperature, it was observed that pure Au had
low activity, while Ag exhibited no catalytic activity. In contrast, Au—Ag alloy catalysts
displayed substantially higher activity than their monometallic counterparts at low
temperatures. Moreover, the activity of the alloy catalysts exhibited significant variations
with changes in the Au/Ag ratios. The catalyst with a Au/Ag ratio of 3:1 exhibited the
highest activity, achieving complete CO conversion at room temperature. However, as the
Au/Ag ratio was increased (e.g., 5:1 and 8:1) or decreased (e.g., 1:1) from this optimal

ratio, the activity decreased.
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These researchers also investigated the effect of temperature on CO oxidation for
this catalyst system. Interestingly, the temperature-dependent activity of the alloy catalysts
differed from that of the monometallic catalysts. While pure metallic catalysts, including
both Au and Ag, exhibited a monotonic increase in activity with rising reaction
temperature, the Au—Ag alloy catalysts displayed a more complex behavior. Their activity
initially increased at low temperatures (up to 80 °C), then decreased in the range of 80—
160 °C. Subsequently, with further increases in reaction temperature (160-300 °C), the
activity rose again, similar to the monometallic catalysts. This temperature-dependent
activity profile suggests a difference in the underlying reaction mechanisms between
monometallic and bimetallic catalysts.

Chung and colleagues also proposed a potential mechanism for the Au—Ag alloy
system in CO oxidation. Their XPS results indicated that Au—Ag alloy catalysts exhibited
a greater propensity to lose electrons compared to their monometallic counterparts. Given
that oxygen adsorption and activation are pivotal steps in CO oxidation, the exceptional
high-temperature activity of Au—Ag alloy catalysts suggests that oxygen can be adsorbed
and activated on the alloy catalyst surface even at low temperatures. Furthermore, the
binding energy shifted when Au was incorporated with Ag, with Au's binding energy
shifting to higher values and Ag's to lower values. Consequently, the authors concluded
that oxygen adsorption and activation primarily occurred on Ag, while the presence of Au
facilitated the molecular adsorption of oxygen and the formation of O%” species on the Ag
surface. Simultaneously, CO adsorption occurred on Au, culminating in the reaction
between O and adsorbed CO, leading to the removal of CO:z from the system.

The same research team conducted an investigation into the use of Au—Cu alloy
nanoparticles supported on silica gel as a catalyst for CO oxidation and studied how the
ratio of Au to Cu affects the reaction.!>® They prepared a series of well-dispersed bimetallic
catalysts with Au/Cu ratios ranging from 3/1 to 20/1, along with monometallic Au and Cu

catalysts. This synthesis involved a two-step process, initially depositing Au onto a silica
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gel support, followed by depositing Cu onto the Au nanoparticles supported on silica gel.
The particle size of the catalyst was analyzed using TEM, revealing that the average
particle sizes increased only slightly from 3.0 to 3.6 nm as the Au/Cu ratio was increased
from 3/1 to 20/1. In comparison to the Au/SiOz catalyst, which had an average particle size
of 5.7 nm, all the Au—Cu bimetallic catalysts displayed significantly reduced particle sizes.

During CO oxidation, the SiO2-supported Au catalyst exhibited good activity at low
temperatures. CO conversion reached approximately 50% even at temperatures below 0
°C. However, for Au/SiOz, the conversion level remained relatively constant as the reaction
temperature increased up to 150 °C. The silica-supported Au catalyst achieved complete
CO conversion only at 200 °C. In contrast, the Cu/SiO2 sample displayed rather poor
catalytic activity, with an onset temperature higher than 100 °C. Notably, the Au—Cu
bimetallic catalysts exhibited a synergistic catalytic effect between Au and Cu, distinct
from both Au/Si02 and Cu/SiOsz. Irrespective of the Au/Cu ratios, all the Au—Cu bimetallic
catalysts achieved similar CO conversions below 0 °C and complete CO conversion at 30
°C.

Additionally, these authors investigated the Preferential Oxidation of CO (PROX),
an important reaction for reducing CO concentration in excess hydrogen to an acceptable
level for fuel cell operation. In this context, both CO conversion and COz2 selectivity

decreased as the reaction temperature increased due to the competitive oxidation of Ha.

2.5.3 H20: Synthesis

The synthesis of hydrogen peroxide (H202) holds paramount importance in both
industrial and scientific contexts due to its range of applications. As a powerful and eco-
friendly oxidant, H20: is instrumental in numerous industries, including paper and pulp,
wastewater treatment, textile, electronics, and pharmaceuticals, where it serves as a

bleaching agent, disinfectant, and reactant in various chemical processes.'*® 7 Currently,
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over 95% of the world's H202 is manufactured through the sequential hydrogenation and
oxidation of alkyl anthraquinone (known as the AO process), a method that has remained
largely unchanged since the 1940s.!% This dated technology involves multiple unit
operations, generates substantial waste, and demands a significant energy input,
consequently undermining its sustainability and elevating production costs.!*® Considering
both environmental and economic perspectives, the direct synthesis of H202 from H2 and
O2 in the liquid phase, particularly under mild conditions (e.g., at or below room
temperature and atmospheric pressure), represents an appealing alternative to the current
AO process.!>® 1% In the direct process, the development of an efficient catalytic system is
critical to simultaneously enhance yield and selectivity, and notable advancements have
been realized through the utilization of Pd.!>%'®! Moreover, the application of supported
Au-based bimetallic catalysts in H2O2 synthesis has attracted much attention.!621%* These
catalysts, where Au nanoparticles are combined with another metal, have demonstrated
remarkable catalytic performance in the environmentally friendly and sustainable
production of H2O2. By enhancing the catalytic activity, these bimetallic catalysts offer the
potential to transform the traditional, energy-intensive, and byproduct-laden methods of
H202 production. Their ability to improve selectivity, increase efficiency, and resist
deactivation processes, such as metal particle sintering or poisoning, makes them a
promising avenue for achieving more sustainable H202 synthesis.

Hutchings et al.'®

investigated the direct synthesis of H2O2 from H2 and O2 using
a AuPd bimetallic catalyst system supported on TiOz. In this study, two distinct methods,
namely impregnation and deposition-precipitation, were employed to create the catalysts.
These catalysts included monometallic Au and Pd, as well as various combinations of Au
and Pd supported on TiOz, all maintaining a 5% total metal loading. Subsequently, the
catalysts underwent calcination at 400 °C. Catalyst testing was conducted using a stainless-

steel autoclave at a temperature of 2 °C. The autoclave was filled with a mixture of 5%

H2/COz2 and 25% O2/CO2 to establish a hydrogen-to-oxygen ratio of 1:2 at a total pressure
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of 3.7 MPa. Notably, the results from the H2O2 production reaction favored the catalyst
prepared via the impregnation method over the one prepared using the deposition-
precipitation method. Among the catalysts calcined at 400 °C and prepared through
impregnation, the bimetallic AuPd catalysts exhibited a superior yield of H2O2 compared
to pure Au and Pd catalysts. The introduction of Pd to Au substantially improved the
catalytic performance for H2O2 synthesis, with an optimal Pd-Au composition yielding a
significantly higher rate of H202 production than that observed for the pure Pd catalyst,
which itself was notably more active than pure Au. The most favorable outcomes were
observed for the 2.5 wt% Au/2.5 wt% Pd/Ti0: catalyst.

Han et al."”” conducted an investigation into the promotional effects of Au on the
direct synthesis of H202 from H2 and Oz using silica-supported Pd-Au alloy catalysts. They
prepared these catalysts using the incipient wetness method, involving the use of an
aqueous solution containing PdC14*> and AuCls ions, followed by a reduction with Hz. The
loading of Pd was consistently maintained at 3.3 wt %, while the content of Au was varied,
ranging from 0.37 wt % to 19.2 wt %, the support being fumed SiOz. The results of the
H202 synthesis study revealed that the pure Pd catalyst exhibited greater reactivity than
pure Au, implying that H2O2 formation predominantly occurs on the Pd surface. In contrast,
the AuPd bimetallic systems exhibited significantly enhanced activity and selectivity.
Interestingly, the rate based on the mass of Pd metal exhibited a substantial increase with
increasing Au concentration until the Au content reached Pd:Au 1:1.6 molar ratio
(Pdi1Aui), after which it declined by approximately 50% as the Au content continued to
rise to Pd:Au 1:3.4 molar ratio (PdiAus.4). Excessive Au content, such as PdiAus.4, seemed
to negatively impact catalytic reactivity, possibly due to the high coverage of Au on the Pd
surface, hindering O: adsorption. The optimal Au:Pd molar ratio for synthesis was
determined to be 1:1.6.

Geun et al.'®® conducted an investigation into the preparation of catalysts containing

a bimetallic shell composed of AuPt on the surface of Pd nanocubes (AuPt@Pd), which
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were subsequently employed as catalysts for the direct synthesis of H2O2. The preparation
of these AuPt@Pd core-shell nanoparticles involved a direct seed-mediated growth
method, utilizing PVP and l-ascorbic acid as stabilizers and protective agents. In the
process, an aqueous solution of Na;PdCls was dissolved in an aqueous KBr solution and
heated at 80°C for 3 hours. Subsequently, an aqueous solution of I-ascorbic acid, HAuCla,
and K2PtCls were simultaneously introduced into the mixture. After 5 hours of heating and
cooling to ambient temperature, the resulting products were collected by centrifugation and
washed with a DI water and acetone mixture. A series of catalyst samples was prepared, in
which the mol% of Au and Pt (e.g., 2:1, 5:2.5, and 25:5) was varied. To enhance the
reusability and recoverability of the AuPt@Pd core-shell nanoparticles, they were
supported on SiO2. Low magnification EDS mapping was employed to confirm the
presence of the AuPt bimetallic shell on the Pd core surface.

The highest H202 selectivity, reaching 85%, was observed with a Pt/Au mol% ratio
of 3.75:3.75. However, further increases in the ratio led to a gradual decline in H202
selectivity (70%, 50%, and 40% on AuPt@Pd 2.5:5.0, 1.9:5.6, and 1.5:6.0, respectively).
In terms of the H2O2 production rate, the maximum rate (914.8 mmol H202 gmetat-1 h™') was
achieved with a AuPt@Pd mol% ratio of 2.5:5.0, which improved both H20: selectivity
and Hz conversion. The findings suggested that higher proportions of Au enhance H202
selectivity, while increased Pt content reinforces Hz dissociation, collectively enhancing

catalytic activity.

2.6 Conclusion

Bimetallic catalysts, which are composed of two different metal components, play a
pivotal role in catalysis by significantly improving catalytic activity, selectivity, and
stability compared to their single-metal counterparts. This enhancement arises from the

synergistic interplay between the two metals. Among bimetallic catalysts, those centered
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around Au hold particular fascination due to the distinctive qualities of Au. Gold exhibits
remarkable catalytic activity across a range of reactions and serves as an effective stabilizer
for other metal nanoparticles such as Pd, Pt, Ag, Cu and more. The performance of Au-
based bimetallic catalysts hinges on several critical factors, including the choice of the
second metal, the Au-to-second-metal ratio, the structural arrangement of the bimetallic
catalyst, and the size and shape of the nanoparticles involved. The applications of Au-based
bimetallic catalysts span a diverse array of fields, encompassing environmental catalysis,
energy conversion processes, chemical synthesis, biomedical applications, and advanced
sensing technologies. These catalysts represent a pivotal facet of modern materials science
and play a essential role in enabling groundbreaking advancements in a multitude of

industries.
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CHAPTER 3. CATALYTIC OXIDATION OF SIMPLE BENZYLIC ALCOHOLS AND
LIGNIN MODEL COMPOUND OVER Li-Al LAYERD DOUBLE HYDROXIDE
SUPPORTED Au:Pd BIMETALLIC NANOPARTICLES

3.1 Introduction

3.1.1 Supported gold nanoparticles

In late 1970s, supported gold was demonstrated as the catalyst of choice for producing
vinyl chloride monomer via the acetylene hydrochlorination reaction.®® "*Later, oxide-supported
gold nanoparticles were introduced as an effective catalyst for low-temperature oxidations of Ha
and CO.”™ Since then, gold catalysis has become the subject of attention from both the academic
and industrial research communities.”” Generally, metal nanoparticles are unstable catalysts and
show low catalytic activity due to aggregation, agglomeration, and even precipitation out of
solution. Therefore, metal nanoparticles must usually be supported on solid surfaces.®®”° During a
catalytic reaction, supports can play either direct or indirect roles, such as providing specific defect
sites and stabilizing metastable particles. The supports provide additional functionalities such as
acidity or basicity to the overall supported metal catalyst and may transfer electrons between metal
particles and support. All these factors have a significant impact on the catalytic properties of
supported metal catalysts, and this is especially true for supported Au-based nanoparticle
catalysts.%

In gold-catalyzed alcohol oxidation studies, an inorganic base such as NaOH or Na>COs is
required to facilitate the formation of an alkoxide intermediate. Therefore, use of a basic support
can avoid the need for adding these external bases. Song et al. studied three different materials,
namely, LiAl-LDH, MgAIl-LDH, and NiAl-LDH (LDH = layered double hydroxide) as supports
for gold nanoparticles to demonstrate the effect of the support on the catalytic activity of Au.
Depending on the surface sites on these supports, such as acidic and basic sites, their ability to
promote reactant conversion can be tuned. In this work, Au-LiAl-LDH showed excellent

selectivity and activity for the oxidation of benzylic alcohols with >99% conversion of 1-phenyl
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ethanol. Moreover, this LiAl-LDH supported Au catalyst was applied to oxidize primary,
secondary alcohols, and B-O-4 lignin model dimers, exhibiting remarkable activity and selectivity
to provide the corresponding carbonyl compounds with high yield. Furthermore, this catalyst was
used for oxidation of y-valerolactone (GVL) extracted lignin and kraft lignin and was able to
produce a range of aromatic monomers in high yield. It was reported that hydrolysis of Au/LiAl-
LDH oxidized lignin increased the degree of lignin depolymerization, with monomer yields
achieving 40% for GVL extracted lignin.'%” Therefore, in the present work, gold functionalized
LiAl-LDH was used for lignin depolymerization with modification of the catalyst, involving the
alloying of Au with Pd. In this manner, an effort was made to reduce the loading of Au required

and to increase the activity of the catalyst by selection of the optimal Au:Pd ratio.

3.1.2 Layered double hydroxide (LDH) supports

Over the past 20 years, various LDHs (Ni-Al LDH, Cu-Al LDH etc.), as well as Au
nanoparticles supported on metal oxides (TiO2, CeO2, Fe203, Co304), have been shown to
selectively catalyze aerobic oxidations of alcohols to the corresponding carbonyl compounds.'®®
Hydrotalcite (HT) compounds, also known as LDHs, are composed of mixed hydroxides with
interlayer spaces containing exchangeable anions. LDHs contain tunable surface basic sites,
attaining high catalytic performance in reactions that require proton abstraction. Because of these
qualities, LDH materials are used to catalyze various reactions such as deoxygenation, chemo-
selective reduction, and oxidation.'®’

In general, LDHs can be prepared using simple co-precipitation methods. Other than
hydrothermal synthesis, homogeneous precipitation and anion exchange methods are typically
used to synthesize LDHs. The generalized formula to describe the chemical composition of such
compounds is [M"-xM"(OH)2]A" wn-mH20. Structurally, LDHs resemble the mineral brucite,

Mg(OH)2, in which each Mg?" ion is octahedrally surrounded by six OH" ions (Figure 3.1).7! 16
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A three-dimensional structure is formed by infinite sheets, which are formed as a result of the
different octahedra sharing edges. These infinite sheets with hydroxide layers are stacked together
by van der Waals forces and hydrogen bonding. The LDH structure differs to that of brucite in that
Mg?* ions are partially replaced by cations with higher charge but similar radius (e.g., Cr**, AI*")
causing the brucite-type sheets to become positively charged. This charge is balanced by anions
such as carbonate, hydroxide, etc., which are located in the interlayer region.'® The most well-
known example is the mineral hydrotalcite, which has the chemical formula
[Mgo.75Al0.25(OH)2].(CO3)0.125.0.5H20. A variety of LDHs can be designed by changing the type
of cations and relative proportions of the di-and tri-valent cations. Moreover, in some cases the
monovalent lithium ion can be incorporated in the LDH structure, exemplified by

[LiAl2(OH)s] [An Jim-mH20.'7
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Figure 3.1+ Representation of LDH structure!”’

3.1.3 Au-Pd bimetallic nanoparticles

Bimetallic nanoparticles can enhance the activity and selectivity of gold-based catalysts towards

desired products due to synergetic electronic interactions between the two different metal atoms
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in the individual nanoparticles.”! Indeed, catalytic properties such as activity and selectivity can
frequently be tuned by changing the composition of bimetallic nanoparticle catalysts. For instance,
in the selective oxidation of primary alcohols to aldehydes, bimetallic Au—Pd catalysts showed
superior activity and selectivity compared to catalysts based on either pure Au or pure Pd.”! !"!
Other than the selective oxidation of alcohols, the use of bimetallic Au—Pd catalysts has been
expanded to other catalytic reactions such as the synthesis of vinyl acetate, CO oxidation, direct
synthesis of hydrogen peroxide, and N2O decomposition.!”!

The design and utilization of Au—Pd catalysts has been thoroughly investigated by the
groups of Hutchings and Kiely.!”> They synthesized supported Au-Pd catalysts using an
impregnation method. The resulting materials exhibited excellent catalytic activity for a diverse
range of reactions such as the direct synthesis of hydrogen peroxide and alcohol and polyol
oxidation. In the case of hydrogen peroxide synthesis, the best catalytic performance was obtained
using an Au—Pd/TiOz catalyst that was prepared by an impregnation method and calcination at 400
°C. The catalytic activity of the Au—Pd/TiO2 was higher by a factor of 2-9 with respect to the
monometallic catalysts. In addition, the bimetallic Au—Pd catalysts exhibited an enhancement in
stability and re-usability relative to their monometallic counterparts. In alcohol oxidation,
Hutchings and co-workers reported that high catalytic efficiency could be achieved with Au—
Pd/TiOz catalysts prepared by simple impregnation. From a study of the effect of the Au: Pd weight
ratio, it was empirically determined that a 1:1 ratio produced the highest catalytic activity, whereas
Au-rich catalysts showed the highest selectivity in the oxidation of benzyl alcohol.®?

Venezia et al. have studied silica-supported bimetallic Au—Pd catalysts with different ratios
for CO oxidation.!> '"! The authors stated that a synergistic effect between the two metals was
not observed on silica because of the low catalytic activity of Au/SiOz resulting from the large Au
particle size. They also reported that the monometallic Pd catalyst was much more active than the
monometallic Au catalyst, while Pd-rich catalysts behaved quite similarly to Pd. Prati and Ma et
al. also studied homogeneously dispersed Au—Pd bimetallic catalysts supported on carbon and

found an enhancement of the reaction rate compared to monometallic Au and Pd catalysts.”! 173
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174 Furthermore, they observed that the alloying of Pd and Au prevented the leaching of Pd from
the catalyst support.”!

Surface scientists have also studied Au—Pd interactions and CO oxidation under well-
defined conditions. Goodman and co-workers found that addition of Pd to Au improved its
capacity to activate dioxygen, forming an active catalyst for CO oxidation. They also observed
that the surface composition of AuPd (100) planes changed significantly under reaction conditions;
for example, high reaction temperatures cause Au to segregate at the surface. Meanwhile, the low
binding energies of CO on the Au—Pd alloys resulted in decreased CO residence times on the
surface at high temperatures.!” Peter et al. studied TiO2-supported 1 wt% bimetallic Au—Pd
catalysts prepared by a sol-immobilization method for cinnamyl alcohol oxidation at 120 °C under
oxygen. They found that conversion and selectivity varied depending on the Au-Pd metal ratio,
the most active catalyst being Au: Pd = 3:1 by weight.!”®

Herein, we introduce heterogeneous catalysts utilizing Li-Al LDH supported AuPd
bimetallic nanoparticles in different molar ratios for simple benzylic alcohols and B-O-4 linked
lignin model dimer oxidation. These bimetallic catalysts are prepared using a sol-immobilization
method. First, the catalytic system is used to oxidize a series of simple benzylic alcohols into their

ketones under mild conditions. The most effective catalysts identified are then applied to GVL-

extracted maple lignin with the aim of assessing their ability to depolymerize the lignin.

3.2 Experimental Information

3.2.1 Materials and methods

Commercially available reagents were used as received. AI(NO3)3-9H20 (99 wt.%), 1-
phenylethanol (98 wt.%), acetophenone (99 wt.%), benzyl alcohol (99.8 wt.%), vanillic acid (97
wt.%), sinapic acid (98 wt.%), pyridine-d5 (99.5 wt.%), polyvinylpyrrolidone (PVP) and
HAuCls-3H20 (99.9 wt.% trace metal basis) were purchased from Sigma Aldrich. Syringaldehyde
(98 wt.%), 4-hydroxy-3-methoxycinnamic acid, Pd(NO3)2-xH20 (metal basis 47.5 wt.% Pd),
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benzaldehyde (99 wt.%), n-dodecane (99 wt.%), KBHs (98 wt.%), N,O-
bis(trimethylsilyl)trifluoroacetamide (BSTFA) (99.9 wt.%), and LiOH-H20 (99 wt.%) were
purchased from Alfa Aesar. K2CO3 (99.0 wt.%) and NaxCOs (99.5 wt.%) were purchased from
Fisher Scientific. 4-Methyoxyphenyl methyl carbinol was purchased from Oakwood Chemical. 4’-
Methoxyacetophenone, vanillin (99 wt.%), dimethyl sulfoxide-d6 (99.9 wt.%), NaBH4 (99 wt.%)
and gamma-valerolactone (98 wt.%) were purchased from Acros Organics. Dimethylformamide
(DMF), tetrahydrofuran (THF) and hydrochloric acid (36.5-38.0 wt.%) were purchased from BDH

VWR Chemicals. p-Anisic acid was purchased from TCI America.

3.3 Catalyst Preparation

3.3.1 Synthesis of Li-Al LDH support

Li-Al (1:2) LDH was prepared according to a literature protocol.!”” An aqueous solution
of AI(NO3)3-9H20 (250 ml, 0.4 M) was added dropwise to 600 ml of a mixture of LIOH-H20 (1.5
M) and NaxCOs3 (0.08 M) in deionized water at room temperature. Vigorous stirring was
maintained throughout the 60 min addition period. The mixture was left to age under continuous
stirring at 75°C overnight. A series of centrifuging/ decanting/ washing steps with deionized water
were applied to the resulting slurry until the washings attained a pH of 7. The solid was then dried

at 60 °C in a vacuum oven for 24 h.

3.3.2 Synthesis of LDH supported AuPd bimetallic nanoparticles

LDH-supported AuPd bimetallic nanoparticle catalysts with different Au:Pd ratios,
namely, 7:3, 1:1, and 3:7, as well as monometallic Au and Pd nanoparticle catalysts, were prepared

1.71

according to a literature protocol.”” The detailed preparation procedure for the bimetallic catalyst

with Au:Pd molar ratio of 1:1 is described below.
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Two solutions of HAuCls (0.0389 g, 0.10 mmol) and Pd(NOs)2-xH20 (0.0221 g, 0.10
mmol) were prepared separately in 50 mL of deionized water. Subsequently, the two solutions
were mixed and stirred together for a duration of 2 min. Next, an aqueous polyvinyl alcohol (PVP)
solution (5 ml, 1 wt%, PVP/(Au + Pd) (wt/wt) = 1.2) was added. A freshly prepared aqueous
solution of NaBH4 (10 mL, 0.0374 g,1.0 mmol) was then added, resulting in a dark-brown solution.
After 30 min of sol generation, the colloid was immobilized by adding 3 g of Li-Al LDH support
under vigorous stirring. After 1 h the slurry was filtered, the solid was washed thoroughly with hot
distilled water and was dried at 50 °C in a vacuum oven for 24 h. This sample is denoted as
AuiPdi/Li-Al LDH.

The required amount of support material was calculated to achieve a total final metal
loading of 1% wt. Other bimetallic catalysts with different Au/Pd molar ratios were prepared as
stated above, keeping the total metal loading of 1% wt. Monometallic catalysts containing only
Au or Pd were prepared using a similar methodology, and these are denoted as 1% Au/Li-Al LDH
and 1% Pd/Li-Al LDH, respectively.

3.4 Catalyst Characterization

Surface area and pore volume measurements of samples were performed according to the
Brunauer—Emmett—Teller (BET) method by nitrogen adsorption at -196 °C using a Micromeritics
Tri-Star system. Samples were outgassed overnight at 160 °C under vacuum prior to the
measurements. Elemental analysis of samples was performed using inductively-coupled plasma
mass spectrometry (ICP-MS). Powder X-ray diffraction (XRD) measurements were performed on
a Phillips X Pert diffractomer using Cu Ka radiation (A=1.5406 A) and a step size of 0.02°.
Transmission electron microscopy (TEM) studies were conducted using a Talos F200X
microscope. Particle size analysis was conducted using ImagelJ software, particle diameters of 200

metal particles being measured for each sample. XPS measurements were performed on a Thermo
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Scientific K-alpha X-ray photoelectron spectrometer using a monochromatic Al Ka source. The C

Is line (284.8.0 eV) was employed as a binding energy standard.

3.5 Synthesis of f-O-4 Linkage Lignin Model Compounds

OH OMe
Br HO
K CO3 NaBH4 °
Acetone, Reﬂux THF: MeOH(l 1)
MeO

Scheme 3.1 Synthesis of B-O-4 linkage lignin model compounds

3.5.1 Synthesis of 2-(2-methoxyphenoxy)-1-(4-methoxyphenyl)-ethanone (1)

Compound (1) was prepared according to a literature procedure using guaiacol and 4’-
methoxy-2-bromoacetophenone.!” While stirring a solution of K2CO3 (20 g, 0.14 mol) and
guaiacol (16 g, 0.13 mol) in acetone (100 ml), 2-bromo-4’-methoxyacetophenone (22 g, 0.11 mol)
was added. After that, the reaction mixture was stirred at reflux temperature (80 °C) overnight.
The reaction mixture was filtered, dried over anhydrous MgSOs, and concentrated in vacuo. The

crude product was recrystallized from ethanol. Yield: 23.40 g (78 %).

3.5.2 Synthesis of 4-methoxy-o-[(2-methoxyphenoxy)methyl]-benzenemethanol (2)

Compound (1) (5 g, 18 mmol) was dissolved in a mixture of THF: MeOH (50 ml, 2:1 v/v).
Sodium borohydride (1.5 g, 39 mmol) was added in portions to the reaction mixture under stirring
at 0 °C. The mixture was left to stir overnight at room temperature. The mixture was then
concentrated in vacuo and diluted with deionized water (50 ml). After that, the mixture was
extracted with dichloromethane (3 x 30 ml). The combined organic extracts were dried over
anhydrous MgSO4 and concentrated in vacuo. The crude product was recrystallized from ethanol

to afford the pure alcohol (2). Yield: 3.8 g (76%).
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3.6 Oxidation of Simple Benzylic Alcohols

Oxidation of benzylic alcohols was conducted in a 100 mL 3-neck round-bottom flask
using a Radleys Starfish reactor to which the alcohol (1 mmol), catalyst (50 mg), dodecane (1
mmol, internal standard) and DMF (10 ml) were added. The alcohol was oxidized under flowing
O2 (10 mL/min) at 80 °C and 500 rpm stirring. An aliquot (150 pL) was taken periodically from
the reaction mixture, to which 1 mL THF was added in a GC vial. The sample was then analyzed

by gas chromatography-mass spectrometry (GC-MS).

3.7  General Procedure for Aerobic Oxidation of Lignin Model Compound

The oxidation of lignin model compound was conducted in a 100 mL 3-neck round-bottom
flask using a Radleys Starfish reactor. The substrate (1 mmol), catalyst (100 mg), dodecane (1
mmol) and 10 mL of dimethylformamide (DMF) were added to the 3-neck round-bottom flask.
The lignin model compound was oxidized under flowing O2 (10 mL/min) at 120 °C and 500 rpm
stirring. An aliquot (150 uL) was taken periodically from the reaction mixture, to which 1 mL THF

was added in a GC vial. The sample was then analyzed by GC-MS.

3.8  Product Analysis

The conversion of the substrate, product yield and selectivity were monitored using GC-
MS on an Agilent 7890 GC with a tandem Agilent 5975C MS detector. A DB-1701 column was
used (60 m x 0.25 mm % 0.25 pm or 15 m % 0.25 mm x 0.25 um as appropriate). Helium was used
as carrier gas with the flow rate set to 1 mL/min for the 60 m column and 0.5 mL/min for the 15
m column. The inlet temperature for the 60 m column was maintained at 280 °C, with a method
set to 45 °C for 3 min, ramp to 280 °C at 4 °C/min, and hold for 10 min. The inlet temperature for
the 15 m column was maintained at 280 °C with a temperature ramp of 60 °C to 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 a 2 °C/min ramp
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to 280 °C. All analyses were quantified using a single point GC-MS internal standard method by
obtaining internal response factors of all starting materials and products using n-dodecane as
standard. All aliquots of monomers and their oxidation products, and respective calibration

samples, were derivatized using BSTFA prior to GC-MS analysis.

3.9 Results and Discussion

3.9.1 Li-Al-LDH support characterization

The Li-Al LDH support was prepared according to a literature coprecipitation method
requiring slow addition of an aqueous solution of AI(NOs3)3 to an aqueous mixture of LiOH and
Na2COs.! Powder X-ray diffraction was used to determine the crystallinity and the domain size of
the Li-Al LDH product. The X-ray diffractogram of the Li-Al LDH is presented in Figure 3.2, with

the diffraction peaks being indexed according to the work of Sissoko et al.!”®

(002)

(004)

Intensity (a.u.)

(006)

20 (Degree)
Figure 3.2 Powder X-ray diffraction pattern of Li-Al LDH

These results are consistent with the presence of crystalline [A12Li(OH)s]2CO3.nH20, as

the observed d-spacings are in agreement with published values which are shown in Table 3.1.!7
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Applying the Scherr equation to the (002) peak, an average crystallite size of 18.49 nm in the 00/
direction was calculated for the support.

Table 3.1 Indexing of powder pattern for [AL2Li(OH)s]2CO3.nH20

hkl d-spacing values (A)
Observed Reference

002 7.57 7.56
110 4.35 4.35
004 3.77 3.77
006 2.51 2.51
016 224 2.25
017 1.91 1.98
330 1.47 1.47
600 1.18 1.44

Inductively coupled plasma-mass spectrometry (ICP-MS) was used to determine the
elemental composition of the LDH and N2 adsorption and desorption isotherms were used to
characterize the textural properties of the Li-Al LDH, the results being listed in Table 3.2.
According to elemental analysis (also in Table 3.2), the Li:Al molar ratio in the support is
reasonably close to the expected value of 1:2.

The surface area and structure of the support are important for its adsorption capacity.
Indeed, previous studies have shown that several parameters, such as specific surface area, the
chemical composition, and morphology of the support, can affect its adsorption performance.'”
According to the results in Table 3.2, the measured BET surface area of this LDH support is higher
than that of typical values reported in the literature (which are typically in the range of 70 to 100

m?g™!).!”7 A high surface area support should be beneficial for stabilizing a high dispersion of

metal nanoparticles and for the adsorption of reactants.
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Table 3.2 Summary of ICP-MS and N physisorption results for Li-Al LDH
ICP-MS BET surface Average pore Average pore volume
area (m’g™) diameter (nm) (cm’g™h)

Al (Wt%) Li Li:Al
(wt%) | molar ratio

27.01 3.23 1:2.15 170 5.0 0.11

3.9.2 Catalyst characterization

Catalysts with different mole ratios of Au:Pd were synthesized by sol-immobilization
methods. Polymer-stabilized Au-Pd bimetallic catalysts have been reported for the oxidation of
benzyl alcohol.”"* ! Hence, the same sol-immobilization method was used to prepared Au-Pd/Li-
Al LDH catalysts to investigate their ability to catalyze oxidative depolymerization of lignin.

Prepared catalysts were analyzed using ICP-MS and N2 physisorption to determine the
loadings of Au and Pd present and to determine total surface area and pore volume, respectively.
These results are summarized in Table 3.3. According to ICP-MS, for each catalyst the elemental
composition was close to the expected value.

Table 3.3 Summary of ICP-MS and N2 physisorption results for prepared catalysts

Sample ICP-MS Au: Pd BET Surface | Average Average
(wt.%) Molar Area (m’g™") pore pore

Au | Pd Ratio diameter volume

(nm) (em’g™)
Au/Li-Al LDH 1.01 - - 174 39 0.09
Au,Pd;/Li-Al LDH 0.86 | 0.19| 7.33:3:00 202 4.1 0.11
Au,Pd,/Li-Al LDH 0.62 | 0.33| 1.01:1.00 179 43 0.12
AusPd,/Li-Al LDH 0.48 | 0.63| 2.88:7.00 187 49 0.13
Pd/Li-Al LDH - 0.92 - 182 6.3 0.20

According to Fang et al., the particle size of Au NPs plays a vital role in catalytic

reactions.”* In that study, optimal catalyst activity was observed with metal particle sizes of < 4
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nm. Valden et al. reported that the particle size of the Au NPs should be below 3.5 nm to obtain
an optimal electronic transition between the metal and the support due to the quantum size effect
of the Au NPs."®® When the size of the Au NPs becomes smaller, the metal shows increased atomic
properties as compared to bulk properties due to the existence of discrete energy levels for the Au
NPs. Consequently, small Au NPs with higher dispersion provide more coordinatively unsaturated
sites than larger, bulk-like particles and accept electron density from the basic Li-Al LDH
support.'®” STEM images and particle size distributions (PSDs) of the prepared Li-Al LDH

supported Pd, Au, and Au-Pd NPs are shown in Figure 3.3.
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Figure 3.3 TEM images and particle size distribution for catalysts: (a) Au/Li-Al LDH, (b)
Au7Pds/Li-Al LDH, (c¢) AuiPdi/Li-Al LDH, (d) Au3Pd7/Li-Al LDH and (e) Pd/Li-Al LDH

The average size of the particles in each sample was measured using TEM, the average
size of Au and Pd NPs being found to be 3.1+0.4 nm and 5.0+0.5 nm, respectively, while the

bimetallic Au-Pd NPs had average particle sizes of 2.6+0.1 nm (Au:Pd = 1:1), 3.6+0.6 nm (Au:Pd
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= 7:3), and 3.7+£0.9 nm (Au:Pd = 3:7). It was observed that Pd/Li-Al LDH contained aggregates
of metal particles that are considerably larger than in the other samples, while the AuiPdi/Li-Al
LDH catalyst exhibited the best metal dispersion compared to the other samples.

Compositional analysis for Au and Pd was carried out using transmission electron microscopy-
energy dispersive spectroscopy (TEM-EDS) for approximately 50 individual metal particles in the
Au7Pds/Li-Al LDH and AuiPdi/LiAl LDH catalysts. The quantification of metal content in each

particle is presented in Figure 3.4.
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Figure 3.4 Metallic composition histograms for Au7Pds/Li-Al LDH and AuiPdi/Li-Al LDH

The results obtained from TEM-EDS indicate that the metal particles in the Au7Pds/Li-Al
LDH and AuiPdi/LiAl LDH catalysts exhibit compositions closely resembling those of the bulk
formulation. In the case of the Au7Pds/Li-Al LDH catalyst, approximately 88% of the particles
contain Au contents ranging from 65% to 75%, a range that closely matches the expected Au
content in the bulk sample (70%). Conversely, within the AuiPdi/LiAl LDH catalyst, 56% of the
particles exhibit Au content ranging from 45% to 55%, which aligns with the expected Au content

in the bulk sample (50%). Additionally, there is an observation of 44% of Au-rich particles

containing around 55% to 65% Au.
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The Au-Pd bimetallic NPs were characterized by XPS to explore possible electronic
interactions between Au and Pd. The Au 4f and Pd 3d XPS spectra are shown in Figures 3.5 and
3.6, respectively. As shown in Figure 3.5, Au/Li-Al LDH, AusPds/Li-Al LDH, AuiPdi/Li-Al LDH
and AusPd7/Li-Al LDH catalysts exhibit Au 4f72 binding energies (BE) at 82.9 eV, 82.9 ¢V, §83.0
eV and 83.1 eV, respectively. According to Wang et al.,'8! these values are all lower than the BE
of 84.7 eV for bulk gold. The downshift of the Au 4172 binding energy for these catalysts indicates
that Au nanoparticles are negatively charged, which may be associated with electron transfer from
the support to the Au nanoparticles.!®” 182 According to Pauling’s scale of electronegativity, the
Au 4f peaks should shift toward the low binding energy direction when the Pd content is
increased.!* However, in this study, there were no significant changes in the Au 4f7» binding
energy with Pd content. According to Tsunoyama et al,'®* negatively charged Au nanoparticles are
beneficial for the aerobic oxidation of alcohols because the negatively charged Au nanoparticles
are effective for the activation of molecular oxygen. The resulting negatively charged superoxide
facilitates p hydrogen elimination from the alcohol, which is the rate determining step in alcohol

oxidation.'3?
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Figure 3.5 XPS Au 4f spectra of (a) Au/Li-Al LDH, (b) AusPds/Li-Al LDH, (c¢) AuiPdi/Li-Al
LDH, and (d) AusPd7/Li-Al LDH

According to Figure 3.6, which depicts the Pd 3d XPS spectra, peak fitting for the
monometallic Pd/Li-Al LDH catalyst yields Pd 3ds. binding energies of 335.3 eV and 336.5 eV,
which are close to the binding energies of the metallic Pd (335.5 eV)!** and Pd** (as PdO, 336.3
eV)!'*? oxidation states. From this it can be concluded that both Pd oxidation states were present,
as was the case for the bimetallic catalysts. In the latter case, XPS results suggest that the Pd is
alloyed with Au, the Pd 3ds.2 binding energies for metallic Pd and Pd** tending to decrease relative
to Pd/Li-Al LDH which may be indicative of two-way charge transfer between Au and Pd.
Literature reports indicate that the electronic interaction between Au and Pd proceeds in both
directions, with Au gaining sp type electrons and losing d electrons, while Pd loses sp electrons

and gains d electrons.'®® %7 Fitting of the Pd 3ds/2 signal for AusPd7/Li-Al LDH and AuiPdi/Li-Al
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LDH gave binding energies of 334.7 eV and 334.3 eV for the Pd° component, while the Pd**
component was observed at 336.2 eV, and 335.9 eV, respectively. The downshift of the Pd 3ds»
BE for these catalyst samples is consistent with charge transfer from the Au to the Pd in the
nanoparticles, albeit a shift in BE was not observed for the Au.!®® % For the AusPds/Li-Al LDH
catalyst such a shift in the Pd 3ds2 BE was not observed, the Pd 3ds2 XPS region displaying similar

binding energies (335.3 eV and 336.7 eV) to the Pd/Li-Al LDH sample.
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Figure 3.6 XPS Pd 3d spectra of (a) Pd/Li-Al LDH, (b) Au7Pds/Li-Al LDH, (c) AuiPdi/Li-Al LDH

and (d) AusPds/Li-Al LDH.

Table 3.4 summarizes the XPS results for the bimetallic catalysts. Based on the measured
atomic concentrations, the Au:Pd ratio of the Au7Pds/Li-Al LDH is slightly lower than the ratio
calculated from ICP analysis. Since XPS is a surface-sensitive technique, these results suggest that

Pd nanoparticles were enriched on the surface of the catalyst. On the other hand, the Au:Pd ratio
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of the AusPd7/Li-Al LDH catalyst is higher than the bulk value, indicating that the metal
nanoparticles were enriched in Au on the AusPd7/Li-Al LDH sample.

Table 3.4 Summary of XPS results for bimetallic catalysts with different Au:Pd molar ratios

Catalyst Binding energy (eV) Au:Pd atomic
ratio
Au 4f72 Pd 3ds»2
Pd° Pd*

Avu/Li-Al LDH 82.9 - - -
Au7Pds/Li-Al LDH 82.9 335.3 (64%) | 336.7 (36%) 7.0:4.1
AuiPdi/Li-Al LDH 83.0 334.3 (67%) | 335.9 (33%) 1.0:0.9
AusPd7/Li-Al LDH 83.1 334.7 (74%) | 336.2 (26%) 3.0:3.6
Pd/Li-Al LDH - 335.3 (46%) | 336.5 (54%) -

3.10  Oxidation of Benzylic Alcohols

The catalytic activity of the AuPd/Li-Al LDH bimetallic catalysts towards the oxidation of simple
benzylic alcohols was measured at 80 °C under flowing oxygen (1 atm), the products of the
reaction being determined using GC-MS at intervals of 1 h. Initial studies focused on the AuPd/Li-
Al LDH bimetallic catalysts shown in Table 3.5 with the goal of comparing their ability to oxidize

I-phenylethanol.
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Table 3.5 Oxidation of 1-phenylethanol to acetophenone using AuPd/Li-Al LDH catalysts

Entry | Catalyst Acetophenone yield (%)b Selectivity (%)b TOF (h')*
no.
l1h 2h | 3h 4 h

1 Au/Li-Al LDH 16 21 40 42 >99 2360

2 Au7Pds/Li-Al 37 59 92 | >99 >99 5385
LDH

3 AuiPdi/Li-Al 45 89 94 >99 >99 6558
LDH

4 AusPd7/Li-Al 3 6 28 45 >99 843
LDH

5 Pd/Li-Al LDH 1 1 1 3 >99 85

21-Phenylethanol (1 mmol), catalyst (0.100 mg), dimethylformamide (10 mL), 80 ‘C, p = 1 atm. O, (10 mL min'). ®
Conversion and selectivity were determined by GC-MS using dodecane as internal standard and the reported values
are from the average of two runs. ¢ TOF values are based on the number of surface metal (Au and Pd) atoms calculated
for the mean particle size found via TEM analysis. Note: a control experiment conducted without catalyst showed no

conversion.

Table 3.5 shows that the Pd to Au ratio exerts a significant effect on catalyst activity in the
generation of acetophenone from 1-phenylethanol. The Au/Li-Al LDH catalyst displayed
significantly higher oxidation activity than Pd/Li-Al LDH. However, when Pd was incorporated
into the Au catalyst, the oxidation activity increased. This points towards a synergistic effect given
that the bimetallic catalysts give higher conversions than the sum of the conversions given by the
monometallic Au and Pd catalysts. According to entries 2 and 3 in the table, AuiPdi/Li-Al LDH
gave superior conversion to Au7Pds/Li-Al LDH during the first 2 h of reaction. However, these
two catalysts provided almost the same conversion from 3 h onwards. When the Pd content is
further increased the oxidation activity of the catalyst decreases. This could be because of larger
bimetallic particles and/or the smaller number of Au atoms present in the AusPd7/Li-Al LDH
catalyst than the AuiPdi/Li-Al LDH, Au7Pds/Li-Al LDH and Au/Li-Al LDH catalyst samples.

In summary, Au7Pds/Li-Al LDH, and AuiPdi/Li-Al LDH showed the highest activity in
the oxidation of 1-phenylethanol. Table 3.6 depicts the results of the oxidation of two other simple

70



benzylic alcohols using these catalysts under the same reaction conditions used for the oxidation
of 1-phenylethanol. From these results it is evident that the reaction rate increases when the
benzylic alcohol bears a methoxy functional group that is strongly electron donating in the
electronically favorable para-position. It should also be noted that in the case of benzyl alcohol
oxidation, benzaldehyde was the only oxidation product obtained.

Table 3.6 Oxidation of benzylic alcohols using AuPd/Li-Al LDH catalysts®

X
OH  Catalyst (50 ng» 0
0,, 80 °C, 500 rpm
Catalyst Time (h) Yield (%) ° Selectivity (%) °
Au7Pds/Li-Al LDH 4 58 >99
AuiPdi/Li-Al LDH 4 67 >99
Au7Pds/Li-Al LDH 8 >99 >99
AuiPdi/Li-Al LDH 8 >99 >99
OH [¢]
Catalyst (50 mg)
?
o 0,, 80 °C, 500 rpm ~
0
Au7Pds/Li-Al LDH 1 80 >99
AuiPdi/Li-Al LDH 1 >99 >99

 Substrate (1 mmol), catalyst (0.50 mg), dimethylformamide (10 mL), 80 °C, p = 1 atm. O2 (10
mL min™). ® Yield of the products and selectivity were determined by GC-MS using dodecane as
internal standard and the reported values are from the average of two runs.

133, 190, 191

Based on the foregoing results and previous findings, we propose a possible

mechanism in which the oxidation of benzylic alcohols proceeds through the involvement of
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bimetallic Au—Pd nanoparticles and basic sites on the Li-Al LDH support (see Fig. 3.7). First, an
O2 molecule is activated through adsorption on the negatively charged Au and/or Pd sites on
AuPd/Li-Al LDH with formation of a coordinated peroxo species. Experimental and theoretical
studies in the literature suggests that neutral Au clusters can activate adsorbed Oz molecules.':
192,193 In the second step, an alcohol molecule attacks a basic Li-OH®" site on the Li-Al LDH;
abstraction of the alcohol proton by the hydroxyl group on the support gives an alkoxide
intermediate at the interface and forms a water molecule. A literature report indicates that alcohol
molecules can be dissociatively adsorbed on Au and/or Pd forming metal-alkoxides, thereby
providing another route to alkoxide formation.'?* In the case of the LDH support, the basicity of
the LDH should promote this process through abstraction of a proton from the alcohol. Third, the
B-H is eliminated via transfer to the Au and/or Pd nanoparticle to generate the corresponding
carbonyl compound and a AuPd-hydroperoxide species. This is expected to be the rate-
determining step, coordinatively unsaturated AuPd atoms being required for the cleavage of the
C-H bond.'° Finally, another O attacks and removes the hydroperoxide species from the Au

and/or Pd nanoparticle surface with the formation of H2O, thereby completing the catalytic cycle.
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Figure 3.7 Possible reaction pathway for aerobic oxidation of 1-phenylethanol over Au—Pd/Li-Al

LDH catalyst.

In the oxidation of lignin, the wide product distribution makes it difficult to follow the
individual reactions taking place. For this reason, aerobic oxidation of a —O—4 linked lignin model
dimer was studied under the same reaction conditions used for the oxidation of 1-phenylethanol
with the exception that the amount of catalyst used was doubled. As shown in Scheme 3.2, the —
0O—4 model compound (2) was found to undergo two competing reactions. Compound (2a) is an
enol ether, the product of dehydration and (2b) is the product of benzylic alcohol oxidation.'®’
Product (2b) can undergo further oxidation to give guaiacol (2¢) and p-anisic acid (2d). Oxidative
cleavage of the B-O-4 linkage in (2b) has been attributed to the significantly weaker C—O bond
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present as compared to the initial benzylic alcohol compound.'®* Finally, guaiacol (2c) and p-anisic

acid (2d) can react to form product (2¢) by esterification. Since the esterification is undesirable

and reversible, (2¢) can be cleaved by simple hydrolysis in a separate step.

NP
Dehydration /O/v
Dehydration
MeO

Catalyst (100 mg),
'DMF, 48 hours, 120 °C |

(2a)

o le
0.
L [0]
Oxidation -
MeO’

(2b)

Scheme 3.2 Aerobic oxidation of B—O—4 lignin model compound (2)

Results for the aerobic oxidation of the f—O—4 linked lignin model dimer (2) are tabulated

in Table 3.7. The AuiPdi/Li-Al LDH catalyst afforded the best yield of the corresponding cleavage

products and almost complete conversion (99%) of the benzylic alcohol group in the substrate after

48 h. The same oxidation reaction was studied by Song et al. for Au/Li-Al LDH (prepared by a

deposition-precipitation method) under the same reaction conditions. It was reported that the

conversion of the dimer was ~96% after 48 h.!¢’

Table 3.7 Oxidation of —O—4 lignin model compound (2) using AuPd/Li-Al LDH catalysts

Catalyst Conversion Yield (%)°
(%)° (a) (b) ©) @ | @
Au/Li-Al LDH 69 0 45 14 10 0
Au7Pds/Li-Al LDH 77 3 44 15 11 4
AuiPdi/Li-Al LDH >99 11 3 41 37 8
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 Substrate (1 mmol), catalyst (100 mg), dimethylformamide (10 mL), 120 °C, p =1 atm. O2 (10
mLmin™"). ® Substrate conversion and product yields were determined by GC-MS using dodecane
as internal standard.

Examining the recyclability of the AuiPdi/Li-Al LDH catalyst sample is crucial. To assess
this aspect, the AuiPdi/Li-Al LDH catalyst was subjected to a B-O-4 linked lignin model
compound (2) under oxidation conditions identical to those employed for the oxidation of the
lignin model compound. After each reaction, the catalyst was carefully filtered and thoroughly
rinsed with DI H20 before being dried at 50 °C in a vacuum oven for 24 hours prior to its use in
the next cycle. The results concerning the recyclability of the AuiPdi/Li-Al LDH catalyst in the
context of B—O—4 linked lignin model dimer (2) oxidation have been compiled in Table 3.8. As
per the findings, the AuiPdi/Li-Al LDH catalyst demonstrated the high yield of the cleavage
products and achieved nearly complete conversion (99%) of the benzylic alcohol group in the
substrate during the initial two recycling reactions. In the third cycle, approximately 96%
conversion was observed.

Table 3.8 Catalyst reusability study in the oxidation of B-O-4 model compound (2) with
AulPdl1/Li-Al LDH

Conversion of Yield (%)
(2) (%) (a) (b) (c) (d) (e)
First Run >99 10 8 41 33 8
Second Run >99 8 8 38 35 6
Third Run 96 11 10 35 32 4

3.11 Conclusion

In conclusion, a series of catalysts comprising Au, Pd, and bimetallic Au-Pd supported on
Li-Al layered double hydroxide (LDH) was prepared using the sol-immobilization method. Our
experiments involving the oxidation of simple benzylic alcohols revealed that the catalysts

Au7Pds/Li-Al LDH and AuiPdi/Li-Al LDH exhibited significantly better catalytic activity when
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compared to AusPds/Li-Al LDH, as well as monometallic Au and Pd catalysts. Detailed
examination through TEM imaging unveiled the presence of small Au-Pd nanoparticles on the Li-
Al LDH support surface for Au7Pds/Li-Al LDH and AuiPdi/Li-Al LDH, which contributed to their
outstanding performance in oxidation reactions. Furthermore, XPS data suggested that the transfer
of charge from the basic Li-Al LDH support to the Au-Pd bimetallic nanoparticles played a
significant role in enhancing the catalytic activity of these catalysts. Focusing on the oxidation of
a B-O-4 linked lignin model dimer, we found that the AuiPdi/Li-Al LDH catalyst effectively
cleaved the linkage after selectively oxidizing benzylic alcohols into corresponding carbonyl.
Encouraged by these promising outcomes, we evaluated the potential of the AuPd/Li-Al LDH

system for the depolymerization of actual lignin, a valuable monomer production process.
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CHAPTER 4. DEVELOPMENT OF EFFECTIVE Au:Pd BIMETALLIC
HETEROGENEOUS CATALYST FOR OXIDATIVE LIGNIN
DEPOLYMERIZATION TO LOW MOLECULAR WEIGHT AROMATICS

4.1 Introduction

The environmental impact of fossil fuel usage, primarily due to greenhouse gas emissions,
is well-documented.!® As a result, there is a growing shift towards replacing fossil resources with
sustainable alternatives. These alternatives must be renewable, carbon-neutral, readily available,
and not compete with food production.! Among the available options, lignocellulosic biomass
stands out as a resource that aligns with these critical criteria. Lignocellulosic biomass consists of
three key biopolymers: cellulose, hemicellulose, and lignin, forming a composite material.!?® 17
Cellulose hydrolysis yields hexose sugars, such as glucose, primarily used in ethanol production,
which can be blended with gasoline as a motor vehicle fuel.* > Hemicellulose finds applications as
a plant gum for thickeners, adhesives, protective colloids, emulsifiers, and stabilizers.
Additionally, it holds promise as a biodegradable oxygen barrier film.* ¢ 7. While cellulose and
hemicellulose have well-established applications, lignin, the remaining component of biomass, is
often considered a low-value by-product or a low-grade fuel.!”® Typically, lignin contains 40% of
the energy stored within the biomass, possesses a high heating value, and encompasses various
aromatic sub-units.® ° Commercial applications of lignin are still limited, primarily involving
lignosulphonates in concrete admixtures, animal feed pellets, and road binders. ' 2%

Significant endeavors have been dedicated to the advancement of techniques for breaking
down lignin through chemical processes. Nonetheless, the deconstruction of lignin presents
considerable challenges, primarily attributed to its rigid, irregular, and extensively cross-linked
structure.?’! Even though lignin is an attractive renewable resource for the production of bio-based
materials, fuels, and chemicals, its complicated structure poses a significant challenge when it
comes to converting it into useful products. In this regard, reductive and oxidative

depolymerization methods play an important role in the production of chemicals from lignin. The

77



reductive depolymerization pathway yields relatively lower-value aromatic products, including
benzene, toluene, and xylene (BTX). %3° Conversely, oxidative depolymerization can be harnessed
to create oxygenated aromatic monomers from lignin, such as vanillin, vanillic acid,
syringaldehyde, and various others.

These products have relatively high market value.* Against this background, numerous
studies have determined that the sale of lignin as a co-product significantly enhances the economic
feasibility of biofuels.?? In fact, a U.S. National Renewable Energy Laboratory (NREL) report
emphasized that lignin valorization was crucial to achieving the target cost of $3.00 per gallon of
gasoline equivalent fuel derived from lignocellulosic biomass.?”® Likewise, Kautto et al.?%*
developed a model for producing ethanol from hardwood, considering lignin, furfural, and acetic
acid as co-products. Consistent with NREL's findings, the value of the lignin co-product played a
pivotal role in determining the minimum ethanol selling price.

In early research, oxidative lignin depolymerization was conducted using oxidants alone
or in combining with simple transition metal ions Cu*** Mn*"* Co?*, and Zr**.#*45:205 Subsequently,
the focus shifted to composite metal oxide and mixed metal oxide catalysts, containing elements
like Co, Fe, Cu, and Mn (e.g., CuO, MnQ2), to improve lignin depolymerization.** %6 Additionally,
supported metal nanoparticle catalysts were extensively explored for oxidatively breaking down
lignin. Recently, Song et al. studied Au nanoparticles supported on Li-Al layered double hydroxide
(LDH) for oxidation of both y-valerolactone (GVL) extracted lignin and kraft lignin with Oz and
were able to produce a range of aromatic monomers in high yield. It was reported that hydrolysis
of Au/LiAl-LDH oxidized lignin increased the degree of lignin depolymerization, with monomer
yields of 40% for GVL extracted lignin.'®’

Bimetallic nanoparticles can enhance the activity and selectivity of gold-based catalysts
towards desired products due to synergetic electronic interactions between the two different metal
atoms in the individual nanoparticles.”' Indeed, catalytic properties such as activity and selectivity
can frequently be tuned by changing the composition of bimetallic nanoparticle catalysts. For

instance, in the selective oxidation of primary alcohols to aldehydes, bimetallic Au—Pd catalysts

78



show superior activity and selectivity compared to catalysts based on either pure Au or pure Pd.”"
! In our previous study, detailed in Chapter 3, we conducted a comprehensive study to identify
the most active AuPd bimetallic catalyst systems, for the oxidation of simple benzylic alcohols
and a B-O-4 linked lignin model dimer compound. These catalysts displayed exceptional
performance in those contexts. In the current research, we extend our findings by introducing the
highly efficient catalysts identified in our previous work. We apply these catalysts to GVL-
extracted maple lignin, a complex and renewable biomass source. Our primary objective is to
evaluate their effectiveness in depolymerizing the lignin into smaller, low-molecular-weight
aromatic compounds. This investigation aims to shed light on the potential of these catalysts in the
context of lignin valorization and the production of valuable chemical building blocks from

renewable resources.

4.2 Experimental Information

4.2.1 Lignin extraction using y-valerolactone (GVL)

y-valerolactone extraction was adapted from literature methods®%

using a stainless steel
stirred batch microreactor (Parr reactor). 2.5 g of extractive-free maple biomass was dissolved in
a mixture (22.5 g) of 80 wt% GVL, 19 wt% water, and 1 wt% sulfuric acid. The resulting biomass
mixture was then treated at 120°C for 0.5 h in the Parr reactor (50 ml). The resulting solution was
vacuum filtered and washed using 30 ml of a 1:9 mixture of GVL:water. Next, the lignin was
slowly precipitated by adding the combined filtrate and washings to 500 mL of ice-cold water. The
mixture was left in a refrigerator for 24 h to maximize the precipitation of lignin, which was then

recovered by means of centrifugation (30 min, 1500 g). Finally, the precipitate was dried in a

vacuum oven at 40 °C for 24 h.
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4.2.2 General procedure for aerobic oxidation of lignin

The oxidation of lignin samples was conducted in a 100 mL 3-neck round-bottom flask
using a Radleys Starfish reactor to which lignin (250 mg), catalyst (100 mg), and DMF (15 mL)
were added. The lignin was oxidized under flowing O2 (10 mL/min) at 120 °C and 500 rpm stirring
for 24 h. The resulting mixture was filtered and washed with additional DMF (15 mL). The filtrate
and washings were combined, and volatile matter removed on a rotary evaporator. The resulting

solid was further dried in a vacuum oven at 50 °C for 46 h.

4.2.3 General procedure for hydrolysis of lignin

A mixture of oxidized lignin (50 mg) and aqueous NaOH (1 M, 5 ml) was stirred at room
temperature for 30 min. The mixture was then acidified to pH 2 by the addition of 1 M HCI and
stirred for an additional 30 min. Next, the mixture was extracted with EtOAc (3 x 15 ml). The
combined organic extracts were washed with 50 ml each of saturated aqueous NaHCOs, followed
by brine, and dried over anhydrous MgSOs. Solvent was then removed on a rotary evaporator to

afford the products as a colorless oil.

4.2.4 Determination of average molecular weight distribution

Gel permeation chromatography (GPC) was carried out on an Agilent 1260 Infinity
Quaternary LC system equipped with a G1311A Quaternary pump, G1329B Autosampler,
G1364C Fraction Collector, G1316A Column Compartment, G1315C Diode-Array Detector
(DAD), and a Corona CAD detector (ESA Magellan Biosciences). Samples were analyzed using
SUPREMA analytical linear S 10um (50 x 8 mm) and SUPREMA analytical linear S 10um (300
x 8 mm) GPC columns (Polymer Standards Services) connected in series, and eluted using
inhibitor free THF/DMSO (v/v=1:1, 0.4 mL/min) with a column oven temperature of 25 °C.

Approximately 2 mg of sample was acetylated in acetic anhydride/pyridine (2 ml, 1:1 v/v)

at 40 °C for 4 h. Volatiles were removed in vacuo after addition of 2 ml each of ethanol followed
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by toluene, and each addition/distillation procedure was repeated twice. Finally, the sample was
dried overnight in a vacuum oven at 30 °C. For GPC analyses, the samples were dissolved in 1 mL

THF/DMSO (2 ml, 1:1 v/v) and filtered through a 0.2 pm syringe filter prior to injection.

4.3 Results and Discussion

Oxidative lignin deconstruction was studied using gamma-valerolactone extracted lignin
(GVL) from maple wood as substrate. Reaction conditions were similar to those used in the simple
benzylic alcohol oxidations described in chapter 3 except that the reaction temperature was
increased to 120 °C. Heteronuclear single quantum coherence NMR (2D HSQC) spectroscopic
analysis allows for the evaluation of the reactivity of the various linkages in the lignin substrate
when subjected to the different catalysts. Fig. 4.1 shows 2D HSQC NMR spectra comparing GVL
before and after oxidation using Au/Li-Al LDH, AusPd3/Li-Al LDH, and AuiPdi/Li-Al LDH as

catalysts.
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Figure 4.1 2D HSQC NMR spectra comparing GVL before and after oxidation with Oz in the presence of Au/Li-Al LDH, Au7Pds/Li-
Al LDH, andAuiPdi/Li-Al LDH
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According to the 2D HSQC NMR results, the aliphatic region of GVL before
oxidation showed signals corresponding to methoxy groups, B-aryl ether (A), B-5
phenylcoumaran (B) and B-f resinol (C) units. The main signals in the aromatic region of
the GVL originated from syringyl (S), and guaiacyl (G) units. After the oxidation reaction,
the aliphatic region of the GVL product in all cases showed the absence of signals
corresponding to B-aryl ether (A) and B-5 phenylcoumaran (B) units, suggesting that the
linkages of A and B are cleaved by the different catalysts. Based on the results obtained
for oxidation of the 3-O-4 lignin model compound, it is hypothesized the B-aryl ether units
in lignin may have gone through a reaction pathway similar to that shown in Figure 4.1.
Signals corresponding to -5 linkages also disappeared in all oxidized lignin samples. Fang
et al. investigated the effect of several oxidation methods, such as KMnO4 under acidic
conditions, DDQ (2,3-dichloro-5,6-dicyano-1,4-benzoquinone), and TEMPO-based
(2,2,6,6-tetramethyl-piperidin-1-oxy) oxidation, on B-5 lignin linkages using B-5 model
compounds. Benzofuran derivatives were mainly produced from oxidations of -5
compounds with DDQ and TEMPO-based systems, although the dihydrofuran ring in a 3-

5 model was opened when treated with KMnOs at high temperature.'’

Hence,
aromatization of the 5S-membered ring, or possibly ring-opening, could explain the absence
of HSQC NMR signals corresponding to -5 linkages in the oxidized GVL.

For each of the oxidized GVL samples weak signals were observed corresponding
to residual B-B resinol (C) units. The reason for the apparent weakening of these signals
during the AuPd bimetallic/Li-Al LDH oxidation is unclear, although some degree of
aromatization or ring-opening of the fused 5-membered rings in the B-f units may be
indicated. Our previous study recorded similar observations for GVL oxidation with Oz
using Au nanoparticles supported on Li-Al LDH prepared using the deposition-
precipitation method.'¢” In addition, the HSQC spectrum of oxidized GVL displayed a

significant decrease in syringyl (S) and guaiacyl (G) units, consistent with the release of

aromatic monomers. Indeed, only small amounts of both units remained in the lignin



oxidized with AuiPdi/Li-Al LDH, while only small amounts of syringyl (S) units were
present in the other two samples. Furthermore, vanillate (VA) analogs were present in the
HSQC spectrum of the oxidized GVL for each of the catalysts tested.

In order to cleave possible ester linkages created during the oxidation process (as
shown in scheme 3.2), the oxidized lignin samples were hydrolyzed with NaOH (0.1 M),
after which the mixture was neutralized with HCl (1.0 M). Soluble material was then
extracted with ethyl acetate (EtOAc). The EtOAc soluble yield of the hydrolyzed samples
for the Au/Li-Al LDH, Au7Pds/Li-Al LDH, and AuiPdi/Li-Al LDH catalysts was 48 wt%,
53 wt% and 60 wt%, respectively. Gel permeation chromatography (GPC) was carried out
on the EtOAc soluble fraction in order to indicate the degree of depolymerization and the
molecular weight distributions of the resulting product mixtures. Figure 4.2 shows the
results of molecular weight distributions comparing GVL before and after the
oxidation/hydrolysis treatment with Au/Li-Al LDH, AusPds/Li-Al LDH, and AuiPdi/Li-

Al LDH.
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Figure 4.2 Molecular weight distributions measured using GPC comparing GVL before
oxidation and the EtOAc soluble fraction after oxidation/hydrolysis with Au/Li-Al LDH,
Au7Pds/Li-Al LDH, and AuiPdi/Li-Al LDH.

In all cases, the GPC chromatograms of the oxidized GVL after hydrolysis contain
two peaks. The first peak in the chromatogram represents fractions containing high
molecular weight lignin, and the second peak corresponds to low molecular weight
components (mainly monomers, dimers and trimers). The high molecular weight region
shows an approximately 5500 Da, 1400 Da and 6700 Da average decrease in molecular
weight for oxidized post-hydrolysis maple lignin with Au/Li—Al LDH, Au7Pds/Li-Al LDH,
and AuiPdi/Li-Al LDH, respectively. In the low molecular weight region, monomer
production is apparent for GVL treated with the Au/Li-Al LDH and AuPd/Li-Al LDH
catalysts. While use of the Au/Li-Al LDH and Au7Pds/Li-Al LDH catalysts has a clear
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effect on reducing the average lignin molecular weight, the best performance was obtained
using AuiPdi/Li-Al LDH, which gave the largest molecular weight shift for the main lignin
peak and a significant amount of lower molecular weight components.

Product identification and quantification was performed using GC-MS. Figure 4.3
shows the yield of monomer products from the oxidized GVL with Au/Li-Al LDH,
Au7Pds/Li-Al LDH, and AuiPdi/Li-Al LDH. The results revealed distinct product
distributions from the oxidation of GVL lignin using the different catalyst systems. As
shown in Fig. 4.3, S- and G-derived carboxylic acids and aldehydes were the most
prominent products. Among the identified monomers, vanillin, vanillic acid, ferulic acid,
syringaldehyde and syringic acid were present in all oxidized lignin samples. The catalyst
system AuiPdi/Li-Al LDH showed the highest monomer yields for all identified monomers
compared to the other two catalysts, consistent with superior conversion of GVL lignin
into valuable monomers. In terms of G-derived products, AuiPdi/Li-Al LDH demonstrated
remarkable catalytic activity, yielding significantly higher percentages of vanillin (2.1%)
and vanillic acid (3.9%) compared to Au/Li-Al LDH (0.1% and 0.6%, respectively) and
Au7Pds/Li-Al LDH (1.0% and 3.1%, respectively), indicating its superior efficacy in G-
unit degradation. Furthermore, in the case of S-derived products, AuiPdi/Li-Al LDH
outperformed the other catalysts, yielding higher amounts of syringaldehyde (10.7%) and
syringic acid (3.6%). Au7Pd3/Li-Al LDH showed intermediate yields, while Au/Li-Al LDH
exhibited the lowest values. Notably, AuiPdi/Li-Al LDH catalysis resulted in the formation
of sinapic acid, a significant finding highlighting its unique capability in S-unit
depolymerization. Regarding the ferulic acid, AuiPdi/Li-Al LDH exhibited higher yields
of ferulic acid (3.9%) compared to Au/Li-Al LDH (0.9%) and Au7Pds/Li-Al LDH (2.6%).
Overall, the catalytic performance of AuiPdi/Li-Al LDH was notably superior, displaying
enhanced selectivity towards both G- and S-derived products, and producing higher

amounts of valuable monomers such as vanillin, vanillic acid, syringaldehyde, and syringic
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acid. These results underscore the potential of AuiPdi/Li-Al LDH as an efficient catalyst

for the valorization of GVL lignin into valuable chemicals.

12
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Figure 4.3 Yield of monomer products obtained from GVL in the presence of Au/Li-Al
LDH, AusPds/ Li-Al LDH, and AuiPdi/ Li-Al LDH

The total yield of GC-MS identifiable monomers from oxidized GVL was measured
at 6 wt.%, 13 wt.%, and 27 wt.% for Au/Li-Al LDH, AusPds/Li-Al LDH, and AuiPdi/Li-
Al LDH, respectively. The significantly higher monomer yield observed with AuiPdi/Li-
Al LDH directly corresponds to its superior performance in reducing the average lignin
molecular weight and generating a substantial amount of lower molecular weight

components.
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1.167 investigated GVL lignin extracted

In the same oxidation reaction, Song et a
from maple using Au/Li-Al LDH under identical reaction conditions, resulting in a notable
40 wt% yield of aromatic monomers. This monomer yield represents one of the highest
reported for heterogeneously catalyzed oxidative lignin depolymerization, showcasing the
potential of Au/Li-Al LDH as a promising catalyst system for lignin valorization into
valuable low molecular weight aromatics. However, in our study, we obtained the lowest
monomer yield of 6 wt.% when utilizing the Au/Li-Al LDH catalyst for GVL oxidation.
The substantial difference in monomer yields between the two studies could potentially be
attributed to variations in the particle size and catalyst preparation methods. Specially, we
employed the sol-immobilization method for catalyst preparation, for the reason that this
method provided smaller AuPd particles than the deposition-precipitation method and in
turn afforded more active AuPd oxidation catalysts (results not shown). In contrast, Song
et al. used the deposition-precipitation method for Au/Li-Al LDH catalyst preparation.
These distinct catalyst preparation approaches influence the active site distribution,
impacting the catalytic performance and subsequently affecting the monomer yield.
Indeed, particle size is a crucial factor influencing catalytic activity. The catalyst prepared
through the deposition precipitation method in the previous study exhibited a smaller mean
Au particle size of 2.0£0.5 nm, whereas our catalyst, synthesized via the sol-
immobilization method, displayed a larger mean Au particle size of 3.1+0.4 nm. This
difference in particle size would be expected to significantly impact catalyst activity,
leading to differences in the obtained monomer yield. In conclusion, our findings highlight
the importance of catalyst preparation methods and particle size in determining the
performance of Au/Li-Al LDH and AuPd/Li-Al LDH catalysts for lignin valorization.
Optimizing these factors could potentially enhance the catalytic activity and improve

monomer yields.
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4.4 Conclusion

In Chapter 3, we presented the results of our study, focusing on the oxidation ability
of Au-Pd bimetallic catalysts. Our findings highlight the effectiveness of AuiPdi/Li-Al
LDH and Au7Pds/Li-Al LDH as catalysts for the oxidation of simple benzylic alcohols.
Furthermore, our investigation into B-O-4 linked lignin model dimer oxidation revealed
that the AuiPdi/Li-Al LDH catalyst exhibited the ability to selectively oxidize benzylic
alcohols, subsequently cleaving the linkage to produce the corresponding carbonyl
products. Building upon these oxidation capabilities, we harnessed Au-Pd/Li-Al LDH
bimetallic catalysts to facilitate the oxidative depolymerization of lignin into low molecular
weight aromatics. The HSQC NMR data obtained from the oxidized GVL lignin confirmed
the successful depolymerization by revealing the disappearance of major lignin linkages.
Upon subjecting the oxidized lignin samples to hydrolysis, we observed encouraging
results. The total yield of GC-MS identifiable monomers from oxidized GVL was found to
be 6 wt.%, 13 wt.%, and 27 wt.% for Au/Li-Al LDH, Au7Pds/Li-Al LDH, and AuiPdi/Li-
Al LDH, respectively. These results underscore the potential of AuiPdi/Li-Al LDH as a
promising catalyst system for lignin valorization, particularly in the production of value-

added, low molecular weight aromatics.
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CHAPTER 5. AEROBIC OXIDATION OF p-0-4, -1 AND p-p LIGNIN MODEL
COMPOUNDS WITH Au-Pd BIMETALLIC HETEROGENEOUS CATALYST

5.1 Introduction

The limited availability of fossil fuels for chemical production and the recognition
that biomass represents a sustainable source of chemicals and materials have highlighted
lignin as a prominent and promising renewable source of aromatic chemicals.> 207 208
Lignin is a heterogeneous and highly oxygenated biopolymer, constituting approximately
15-30 % of biomass by weight.!*:>° Typically, it possesses around 40% of the energy stored
within the biomass, resulting from its high heating value, and contains a number of
different aromatic sub-units.® % 2%-21° Globally, there is an estimated 3x10'! metric tons of
lignin, with an annual biosynthesis rate of approximately 2x10'% metric tons.?!! Notably,
industrial processes, particularly paper manufacturing and bio-ethanol production, generate
roughly 50 million tons of lignin each year as a waste byproduct.2!?2!4 By the year 2030,
it is projected that the annual production of lignin from cellulosic ethanol production will
rise by 225 million tons per year. This significant increase is attributed to the
implementation of the Renewable Fuel Standard (RFS) program, which mandates the
annual production of 60 billion gallons of biofuel.?!?

Despite being the largest and only renewable source of aromatics, lignin remains
the least utilized biopolymer due to its recalcitrant and irregular nature, unlike cellulose.*
31,210,214 T recent decades, there has been significant interest in using cost-effective, earth-
abundant metal catalysts and air (or dioxygen) for the selective oxidation of lignin.>® 21
215 The aim is to convert lignin from non-food-based lignocellulosic biomass into value-
added aromatic chemicals. However, the challenge of achieving selective lignin
depolymerization and valorization is yet to be fully overcome, and it remains a prominent

focus of scientific research. Numerous studies have explored lignin conversion and

valorization through pathways involving alkaline oxidation, hydrotreating, and

90



pyrolysis.?!% 21¢ Although these processes can convert lignin into value-added products,
they are hindered by their requirement for high temperatures and pressures, making them
expensive and impractical. The majority of lignin produced by the paper industry continues
to be burned as low-value fuel for electricity and heat generation; indeed, historically, the
predominant use of lignin has been as a source of heat and power from its combustion. A
mere fraction, accounting for less than 2% of the total lignin produced, has been
commercially marketed. This limited amount of lignin has primarily found application in
the formulation of dispersants, adhesives, and surfactants.?!> Overall, the efficient and
selective utilization of lignin remains an ongoing scientific pursuit, with significant efforts
aimed at overcoming the challenges associated with lignin depolymerization.

Lignin exhibits a diverse structure resulting from its enzymatic synthesis through
radical condensation.!® 3% 27 Lignin is composed of three p-hydroxycinnamyl alcohol
monomers (monolignols), namely, p-coumaryl, coniferyl, and sinapyl alcohol units, that
are connected by various types of inter-unit linkages, primarily involving C-O and C-C
bonds.?!® Although the specific distribution of linkages varies across species, several key
structures are common to all lignin. These structures include the aryl ether unit (B-O-4),
phenylcoumaran unit (-5), and the resinol unit (B-f), as well as 5-5', 4-O-5, and -1
linkages (Figure 5.1).! During the lignification process, the predominant inter-unit
linkage formed is the B-O-4 ether linkage. This structure typically represents around 50%
of the linkages formed during lignin polymerization and possesses the lowest bond
dissociation energy compared to other linkages.?'” ! Consequently, many studies on
lignin depolymerization target the B-O-4 linkage.?? However, it is important to consider
the presence of other linkages, such as B-1, B-5, and B-B, as they constitute significant
portions of lignin biomass. The -1 and B-f linkages represent between 2-9% and 9-12%
of lignin inter-unit linkages, respectively, while the B-5 linkage accounts for 2-9% of all

linkages, depending on the lignin source and processing methods employed.?* 2

91



B-0-4 B-1

Figure 5.1 Structures of f-O-4, -1, B-5 and B-f linkages

To develop strategies for the selective cleavage of inter-unit linkages, it is common
practice to utilize lignin model compounds. These models allow researchers to focus on
specific linkages of interest and avoid the complexities associated with impurities and
heterogeneous structures present in whole lignin samples. The bond dissociation energies
of C-C linkages, compared to C-O linkages, are higher, resulting in greater stability and
difficulty in breaking the linkages. However, for an efficient lignin depolymerization
process, it is essential to cleave both types of linkages. While several catalytic routes have
been reported for the cleavage of C-O bonds, particularly in the B-O-4 inter-unit linkage
found in lignin model compounds, there is a scarcity of examples and limited knowledge
regarding the breaking of B-1, B-5, and B-p linkages in the literature. These types of
linkages require further exploration and investigation in the context of lignin
depolymerization.

Fang et al. examined the impact of various oxidation methods on the cleavage of -
1 and B-5 lignin linkages using model compounds. The oxidation methods investigated
included KMnOs4 under acidic conditions, DDQ (2,3-dichloro-5,6-dicyano-1,4-
benzoquinone), and TEMPO-based (2,2,6,6-tetramethyl-piperidin-1-oxy) oxidation. In the
case of -1 model compounds, they observed the direct oxidative cleavage of C-C bonds
using KMnOs under acidic conditions and TEMPO-based catalyst systems. As a result of

this cleavage, predominantly ketones and carboxylic acids were formed (see scheme 5.1).
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In the case of oxidations involving B-5 compounds, DDQ and TEMPO-based systems
predominantly yielded benzofuran derivatives. Interestingly, when KMnOs was employed
at high temperatures, the dihydrofuran ring in the B-5 model compound underwent

opening.'?

KMnO4/HOAc¢

HO I OMe OMe
OMe — |
OH
MeO

o
(o}
OMe H
TEMPQO, 02/CuCl . OH
MeO *
MeO
OMe Me
OMe

Scheme 5.1 Oxidations of B-1 models using KMnO4 and TEMPO based catalyst systems,

OMe

reported by Fang.>

Sedai et al.®®

explored the reactivity of homogeneous oxovanadium and copper
catalysts in the context of aerobic oxidation reactions involving phenolic and nonphenolic
B-1 lignin model compounds. They found that the aerobic oxidation of diastereomeric,
nonphenolic B-1 lignin models, employing the six-coordinate vanadium complex
(HQ)2VY(0)(O'Pr) (HQ = 8-oxyquinolinate) as the catalyst, resulted in the formation of
ketone and dehydrated ketone products. These products were derived from the oxidation
of secondary alcohols within the model compounds. In contrast, when the reaction was
conducted using CuOT{/2,6-lutidine/TEMPO (OTTf = trifluoromethanesulfonate) as the
catalyst system, the major products observed were 3,5-dimethoxybenzaldehyde and 4-

methoxybenzaldehyde (see scheme 5.2). These products were formed as a result of C-C

bond cleavage.>
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Cui et al. elucidated the oxidation reactions of three dimeric model compounds,
containing [-O-4, B-1, and B-5 linkages, employing meso-tetra(2,6-dichloro-3-
sulfonatophenyl)porphyrin iron chloride (TDCSPPFeCl) as the catalyst. The catalyst
effectively cleaved the B-O-4 and -1 model compounds, leading to the formation of the
expected carbonyl compounds. On the other hand, the B-5 model compound underwent
side chain oxidation and aromatic ring cleavage reactions upon exposure to the catalyst.??!

OMe OMe
[o} [o}
MeO.
OH
OMe
H o H o
OMe
OMe

(HQ)2V(0)(O'Pr)
10 mol %
Air, pyr-d5
100 °C, 48h

MeO.
OMe
10 mol % CuOT{/TEMPO
0,, 2,6-lutidine (10 eq) R
Toluene
100 °C, 48h +
MeO

Scheme 5.2 Oxidations of B-1 models using vanadium complex based catalyst systems,

reported by Sedai.>

In our previous investigation (see Chapter 4), we introduced heterogeneous
catalysts comprising Li-Al layered double hydroxide (LDH) supported AuPd bimetallic
nanoparticles in various molar ratios for the oxidative depolymerization of y-valerolactone
(GVL)-extracted maple lignin. These bimetallic catalysts were synthesized through a sol-
immobilization method. The evaluation of oxidation outcomes revealed that the catalyst
containing an Au:Pd molar ratio of 1:1, referred to as the AuiPdi/Li-Al LDH catalyst,
displayed remarkable catalytic activity, affording a monomer yield of 27% (based on the
weight of lignin used). Subsequent analysis utilizing 2D HSQC NMR spectroscopic
analysis revealed the disappearance of B-O-4, -5, and B-f linkages in the oxidized lignin
sample. The primary objective of this study is to offer insights into the specific products

obtained from the oxidation of B-O-4, B-1, B-B, and B-5 model compounds using the
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AuiPdi/Li-Al LDH catalyst system, thereby elucidating the potential pathways and

transformations that may occur during oxidative lignin depolymerization processes.

5.2 Experimental Information

5.2.1 Synthesis of p-O-4 linkage lignin model compounds

o OMe o OMe OH OMe
HO °
Br _Aﬂﬂ# o NaBH,
+ cetone,rel THF: MeOH (i:l)
MeO MeO ) MeO @

HCHO (aq. 37%)
K2C03
EtOH/Acetone (1:1)

o OMe OH OMe
o NaBH, o
THF: McOH (1)
MeO OH MeO OH
[€)) @

Scheme 5.3 Synthesis of B-O-4 linkage lignin model compounds

Compounds (1), (2), (3), and (4) were prepared according to a literature procedure.!”

5.2.1.1 Synthesis of 2-(2-methoxyphenoxy)-1-(4-methoxyphenyl)-ethanone (1)

Compound (1) was prepared from guaiacol and 4’-methoxy-2-bromoacetophenone.
While stirring a solution of K2CO3 (20 g, 0.14 mol) and guaiacol (16 g, 0.13 mol) in acetone
(100 ml), 2-bromo-4’-methoxyacetophenone (22 g, 0.11 mol) was added. After that, the
reaction mixture was stirred at reflux temperature (80 °C) overnight. The reaction mixture
was filtered, dried over anhydrous MgSOs, and concentrated in vacuo. The crude product

was recrystallized from ethanol. Yield: 23.40 g (78 %).
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5.2.1.2 Synthesis of 4-methoxy-a-[(2-methoxyphenoxy)methyl]-benzenemethanol (2)

Compound (1) (5 g, 18 mmol) was dissolved in a mixture of THF: MeOH (50 ml,
2:1v/v). Sodium borohydride (1.5 g, 39 mmol) was added in portions to the reaction
mixture under stirring at 0 °C. The mixture was left to stir overnight at room temperature.
The mixture was then concentrated in vacuo and diluted with deionized water (50 ml).
After that, the mixture was extracted with dichloromethane (3 x 30 ml). The combined
organic extracts were dried over anhydrous MgSO4 and concentrated in vacuo. The crude

product was recrystallized from ethanol to afford the pure alcohol (2). Yield: 3.8 g (76%).

5.2.1.3 Synthesis of 3-hydroxy-2-(2-methoxyphenoxy)-1-(4-methoxyphenyl)-1-
propanone (3)

Compound (1) (5.0 g, 18 mmol) and K2CO3 (2.8 g, 20 mmol) were dissolved and
stirred in a 1:1 mixture of ethanol and acetone (100 mL). Next, an aqueous solution of
formaldehyde (37 wt.%) (0.82 mL, 11 mmol) was added to the stirred mixture. The mixture
was left to stir overnight and then concentrated in vacuo, resulting in a yellow oil. The oil
product was subjected to column chromatography on silica gel using a mixture of
dichloromethane (DCM) and ethyl acetate (v/v = 6:1) as the eluent, yielding a yellow-
colored oil. Then the oil was crystallized from ethanol, leading to the formation of a pale

yellow solid. Yield: 4.9 g (88%).

5.2.1.4 Synthesis of 2-(2-methoxyphenoxy)-1-(4-methoxyphenyl)-1,3-propanediol (4)

Compound (3) (1.5 g, 5 mmol) was dissolved in a mixture of THF and MeOH
(v/v=2:1, 30 mL). Sodium borohydride (0.4 g, 10 mmol) was added gradually to the
reaction mixture while stirring at 0 °C. The resulting mixture was left to stir overnight at

room temperature. Afterward, the reaction mixture was concentrated under vacuo and then
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diluted with 50 mL of deionized water. The mixture was extracted with dichloromethane
(3%x20 mL). The combined organic extracts were dried using anhydrous MgSO4 and
concentrated under vacuo, leading to a yellow oil. The crude product was further purified
using column chromatography performed on silica gel using a mixture of dichloromethane

and ethyl acetate (v/v=4:1) as the eluent, resulting in a yellow oil. Yield: 1.40 g (93%).

5.2.2 Synthesis of B-1 linkage lignin model compound (6)

CO,Et

n-BulLi, diisopropylamine

THF, at-78°C, N,
OMe MeO MeO

Me Me

LiAlH4
THF

OMe

)

Scheme 5.4. Synthesis of B-1 linkage lignin model compound (6)

Compounds (5) and (6) were prepared according to a literature procedure.’> A
solution containing 6. 5 mL of 2.5 M n-BuLi (16.25 mmol) was added to a stirred solution
of diisopropylamine (2.30 mL, 16.40 mmol) in 15 mL of dry THF at -78 °C under a
nitrogen atmosphere. After 30 minutes, ethyl 3,4-dimethoxyphenyl acetate (3.70 g, 16.50
mmol) was added dropwise to the reaction mixture, which was then stirred for 1 hour.
Subsequently, veratrylaldehyde (2.25 g, 13.54 mmol) was added, and the resulting solution

was stirred for an additional 3 hours at the same temperature. After that, the reaction
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mixture was diluted with 50 mL of water and then extracted three times with ethyl acetate
(3 x 50 mL). The combined organic layers were dried using Na2SOs and evaporated under
vacuo. Purification was achieved through column chromatography on silica gel using a
mixture of hexane and ethyl acetate (3:1) as the eluent, yielding (5) as a yellow oil. Yield:
2.22 g (5.69 mmol, 42 %)

A solution of 2.0 M LiAlH4 (2.82 mL, 5.64 mmol) in THF was added to the ester
(5) (1.10 g, 2.82 mmol) dissolved in 50 mL of THF within an ice bath. The resulting
mixture was stirred for 30 minutes at 0 °C, followed by an additional 3 hours at room
temperature. After this, the solution was diluted with 20 mL of water and acidified with 25
mL of 1 M HCI solution. The mixture was then extracted three times with ethyl acetate (3
x 50 mL). The combined organic layers were dried with Na2SO4 and evaporated under
vacuo. To purify the crude product, column chromatography on silica gel was carried out
using a hexane/ethyl acetate mixture (3 :1) as the eluent. This process yielded (6) as a

yellow oil. Yield: 0.55 g (1.58 mmol, 56%)
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5.2.3 Synthesis of p-p linkage lignin model compound (10)

] OH
0
S P
malonic acid, aniline AcCl
—_—
Pyridi t60°C,14h
MoO oo e ’ \Iethanal reflux, 1h
MeO OMe
OH

LlAl]-L n-BuBr,
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Cuso, SH,0
}I 0,481

Scheme 5.5. Synthesis of B-p linkage lignin model compound (10)

(10)

Compounds (7), (8), (9), and (10) were prepared according to a literature procedure.???

5.2.3.1 Synthesis of sinapic acid (7)

Malonic acid (12.6 g, 12.1 mmol) and aniline (658 pL, 7.21 mmol) were added to
a solution of syringaldehyde (10.0 g, 54.9 mmol) in pyridine (27 mL). The resulting
mixture was heated at 60 °C for 14 hours, followed by cooling and pouring onto a mixture
of ice (55 g) and concentrated hydrochloric acid (37%, 33 mL). After stirring the mixture
once, it was left to crystallize for 30 minutes. The product was collected by filtration,

washed with a small volume of cold water, and then dried under reduced pressure over
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CaClz for 16 hours. This process yielded sinapic acid (7) as a pale yellow crystalline solid.
Yield: 11.08 g (49.4 mmol, 90 %)

5.2.3.2 Synthesis of methyl sinapate (8)

Acetyl chloride (AcCl) (3.50 g, 44.6 mmol) was added dropwise to 100 mL of
methanol at 0 °C, and the resulting mixture was stirred for 15 minutes. Subsequently,
sinapic acid (7) (10.0 g, 44.6 mmol) was added, and the mixture was heated at reflux for 1
hour. After refluxing, the mixture was cooled, and the product began to crystallize. To
remove most of the methanol, the mixture was carefully concentrated under vacuo. The
resulting product was collected by filtration and washed with a small amount of cold
methanol, resulting in methyl sinapate (8) as a crystalline pale yellow solid. Yield: 9.77 g

(41.1 mmol, 92 %)

5.2.3.3 Synthesis of sinapyl alcohol (9)

LiAlH4 (1.38 g, 36.4 mmol) was dissolved in THF (100 mL) at 0 °C. n-BuBr (4.98
g, 36.4 mmol) was then added dropwise to the solution, and the resulting mixture was
stirred at room temperature for 3 hours. The mixture was subsequently cooled to -78 °C,
and a solution of methyl sinapate (8) (4.0 g, 18.2 mmol) in 100 mL of THF was added
using a cannula. The mixture was then allowed to warm to room temperature and stirred
for 2 hours until TLC analysis indicated that the reaction was complete. Ethyl acetate
(EtOAc, 20 mL) was then added slowly and the mixture was stirred for 30 minutes,
followed by the gradual addition of water until gas evolution ceased. A saturated solution
of NH4Cl was then added until a semi-solid paste formed. The clear colorless organic layer
was separated, and the remaining paste was re-extracted with EtOAc (5 x 250 mL). The

organic extracts were combined, washed with brine (500 mL), dried using MgSOs4, and
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concentrated in vacuo to obtain a light-yellow oil that was used immediately in the

subsequent reaction. Yield: 3.35 g (15.9 mmol, 95 %)

5.2.3.4 Synthesis of syringaresinol (10)

Sinapyl alcohol (9) (3.20 g, 15.2 mmol) was dissolved in water (1000 mL), and
CuS04.5H20 (3.79 g, 15.2 mmol) was then added to the solution. The reaction mixture
was vigorously stirred in the presence of light and air for 48 hours, during which a gummy
solid formed in the flask. Subsequently, the reaction mixture was extracted with ethyl
acetate (EtOAc) (4 x 250 mL), and the combined organic extracts were washed with brine
(1000 mL), dried with Na2SO4, and concentrated under vacuum. The resulting orange gum
was dissolved in ethanol (approximately 20 mL) and left to crystallize in the refrigerator
overnight. Afterward, the obtained white precipitate was collected by filtration and washed
with cold ethanol, yielding syringaresinol (10) as a light yellow solid. Yield:1.91 g (4.57
mmol, 60 %)

5.2.4 General procedure for aerobic oxidation of -O-4 linkage lignin model
compound (4)

The oxidation of lignin model compound (4) was conducted in a 100 mL 3-neck
round-bottom flask using a Radleys Starfish reactor. The substrate (1 mmol), catalyst (100
mg), dodecane (1 mmol) and 10 mL of dimethylformamide (DMF) were added to the 3-
neck round-bottom flask. The lignin model compound was oxidized under flowing O2 (10
mL/min) at 120 °C and 500 rpm stirring. An aliquot (150 pL) was taken periodically from
the reaction mixture, to which 1 mL THF was added in a GC vial. The sample was then

analyzed by GC-MS.
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5.2.5 Product analysis

The conversion of the substrate, product yield and selectivity were monitored using
GC-MS on an Agilent 7890 GC with a tandem Agilent 5975C MS detector. A DB-1701
column was used (60 m x 0.25 mm x 0.25 pm or 15 m X 0.25 mm X 0.25 pm as
appropriate). Helium was used as carrier gas with the flow rate set to 1 mL/min for the 60
m column and 0.5 mL/min for the 15 m column. The inlet temperature for the 60 m column
was maintained at 280 °C, with a method set to 45 °C for 3 min, ramp to 280 °C at 4
°C/min, and hold for 10 min. The inlet temperature for the 15 m column was maintained at
280 °C with a temperature ramp of 60 °C to 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 a 2 °C/min ramp to 280 °C. All
analyses were quantified using a single point GC-MS internal standard method by
obtaining internal response factors of all starting materials and products using n-dodecane
as standard. All aliquots of monomers and its oxidation products, and respective calibration
samples, were derivatized using (N,O-bis(trimethylsilyl)trifluoroacetamide) (BSTFA)

prior to GC-MS analysis.

5.2.6 General procedure for aerobic oxidation of B-1 linkage lignin model
compound (6)

The oxidation of lignin model compound (6) was conducted in a 100 mL 3-neck
round-bottom flask using a Radleys Starfish reactor. The substrate (0.5 mmol) and catalyst
(50 mg) and 10 mL of dimethylformamide (DMF) were added to the 3-neck round-bottom
flask. The lignin model compound was oxidized under flowing Oz (10 mL/min) at 120 °C
and 500 rpm stirring for 48 h. The mixture was then cooled, diluted with water (20 mL)
and extracted with ethyl acetate (3 x 25 mL). The combined organic layers were then dried
over NaxSOs4 and concentrated under vacuo. The products were purified by column
chromatography on silica gel (hexane/ethyl acetate = 6: 1). Then the products were

analyzed by NMR.
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5.2.7 General procedure for aerobic oxidation of B-p linkage lignin model
compound (10)

The oxidation of lignin model compound (10) was conducted in a 100 mL 3-neck
round-bottom flask using a Radleys Starfish reactor. The substrate (0.5 mmol) and catalyst
(50 mg) and 10 mL of dimethylformamide (DMF) were added to the 3-neck round-bottom
flask. The lignin model compound was oxidized under flowing O2 (10 mL/min) at 120 °C
and 500 rpm stirring for 48 h. The mixture was then cooled, diluted with water (20 mL)
and extracted with ethyl acetate (3 x 25 mL). The combined organic layers were then dried
over Na2SO4 and concentrated under vacuo. The products were analyzed by NMR

spectroscopy.

5.2.8 NMR characterization of products obtained from the oxidation of -1 and -p-f
linkage lignin model compounds

'H and *C Nuclear Magnetic Resonance (NMR) spectra were obtained on a 400

MHz Bruker spectrometer. To prepare NMR samples, 10 mg of sample was directly added

to the NMR tube. 600 pL CDCI3 or DMSO was used as the solvent. Each spectrum was

collected using 32 scans. The NMR spectra were processed using TopSpin software.

5.3 Results and Discussion

The performance of bimetallic catalysts based on AuiPdi/Li-Al LDH was evaluated
in the oxidation of lignin model compounds containing B-O-4, -1 and B-p linkages. The
oxidation reactions were conducted at a temperature of 120 °C while maintaining a
continuous flow of oxygen (10 mL min™') at a pressure of 1 atm. In the initial phase of our
experiments, we focused on oxidation of the $-O-4 linked lignin model compound labeled
as (4). The resulting reaction products were analyzed using Gas Chromatography-Mass

Spectrometry (GC-MS) at regular intervals over a span of 48 hours.
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As illustrated in Figure 5.2, the AuiPdi/Li-Al LDH catalyst exhibited remarkable
selectivity in promoting the oxidation of the secondary benzylic alcohol within compound
(4), yielding product (4a). It is noteworthy that compound (4a) undergoes two concurrent
and competing reactions: the formation of compound (4b), an enol ether, through
dehydration, and the generation of compound (4c), which represents a retro-aldol cleavage
product resulting from the oxidation of the gamma-alcohol group in (4a). Notably,
compound (4c) possesses the potential for further oxidation, leading to the formation of
guaiacol (4d) and p-anisic acid (4e). The oxidative cleavage of the B-O-4 linkage within
compound (4c¢) is attributed to the notably weaker C—O bond in (4c) compared to the initial
benzylic alcohol compound.'®”- 1+ 223 Sybsequently, the reaction between guaiacol (4d)
and p-anisic acid (4e) gives rise to product (4f) via esterification. It is worth mentioning
that due to the undesired and reversible nature of the esterification process, product (4f)
can be readily cleaved via a straightforward hydrolysis reaction, which can be carried out

as a separate step in the overall process.!**
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Figure 5.2 Oxidation of B—0O—4 linked lignin model compound (4)

The evolution of the product yields with time provides valuable insights into the
reaction kinetics and product selectivity. The yields of the various products resulting from
oxidation of the f—O—4 linked lignin model dimer (4) are presented as a function of time

in Figure 5.3. Under the given conditions, the catalyst system demonstrated a remarkable
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ability to selectively oxidize the secondary benzylic alcohol in compound (4a), yielding a
reaction rate of 1.1 mmol h! gcat™!. This resulted in a 60% yield of (4a) within an 8 hour
timeframe, corresponding to 88% conversion of compound (4) (reaching nearly 98%
conversion after 48 hours). Under these reaction conditions, compound (4a) underwent
further transformations, leading to the formation of the dehydration product, (4b), at a rate
of 0.12 mmol h!' gcat!,and the retro-aldol product, (4c), at a rate of 0.28 mmol h™!' gcat”
! The notably high reaction rate observed for the formation of the retro-aldol product (4c)
can be attributed to the inherent basic properties of the Li-Al support, a phenomenon that
has been previously documented in the literature.'®”> 22* Although compound (4b) did not
exhibit any further reactivity, compound (4c) reached a maximum yield of 33% after 24
hours, subsequently giving rise to guaiacol (4d) and p-anisic acid (4e) at a rate of 0.25
mmol h'! gcat!. The formation of products (4d) and (4e) through the cleavage of the p-O-4
bond in compound (4c) utilizing molecular oxygen has also been observed and documented
across various literature sources.'®”-2?° In a subsequent esterification reaction, compounds

(4d) and (4e) formed compound (4f) with a rate of 0.05 mmol h'! gcat™!.
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Figure 5.3 Aerobic oxidation of lignin model dimer (4) using AuiPdi/Li-Al LDH.
Conditions: Substrate (1 mmol), catalyst (100 mg), dimethylformamide (10 mL), 120 °C,
p=1atm. O2 (10 mL min™'). Substrate conversion and product yields were determined by

GC-MS using dodecane as internal standard

In a similar manner, Song et al. conducted an investigation of the oxidation of (4)
using Au/Li-Al LDH (prepared through a deposition-precipitation method) as the catalyst,
under identical reaction conditions. Their study revealed the occurrence of the same
reaction pathways, and it was reported that the conversion of the dimer reached
approximately 85% after 42 hours.'” Furthermore, Yanjun et al.'”* explored the oxidation
of compound (4) utilizing mesoporous Fe20s3-supported Au nanoparticles as the catalyst.
Their findings demonstrated that the Au/meso-Fe2Os catalyst displayed a remarkable
selectivity for the oxidation of the gamma-alcohol, achieving an almost complete
conversion of 96% within a 12-hour timeframe. Additionally, they observed the generation
of corresponding carbonyl products resulting from the cleavage of p—O—4 linked lignin

model dimers under sub-atmospheric pressure conditions.
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Cui et al.?*¢ reported an electrochemical based oxidation of a B-O-4 lignin model
compound as a representative substrate under mild conditions as presented in Scheme 5.4.
They used atomically dispersed Pt—N3Ci sites deposited on nitrogen-doped carbon
nanotubes (Pti/N-CNTs) as a catalyst. This approach yielded a mixture comprising
benzaldehyde (with a yield of 52%) and guaiacol (31% yield), achieving an impressive

overall conversion of 99%.

OH OMe TBHP (5.0 eq) o OH
o Nbu,noh (2.0 eq)
Pt,/N-CNTs . H OMe
MeCN, 20 mA, RT,5h "

MeO MeO

Scheme 5.4 Oxidation of (2) according to Cui et al.®

In lignin-first processes (utilizing reductive depolymerization), a substantial
portion of the resulting lignin oil, exceeding 50%, remains unutilized.??” This unutilized
fraction comprises dimers and higher oligomers that are intricately bonded by robust C-C
bonds with high bond dissociation energies (ranging from 80 to 120 kcal mol™').2?®
Moreover, the dimeric and oligomeric fractions exhibit significant irregularities, making
their effective utilization challenging. Recently, there has been growing interest in finding
ways to make use of these dimers and oligomers.?* In light of these considerations, we

examined the oxidative cleavage of C-C bonds in B-1 and B-f model compounds by

utilizing the AuiPdi/Li-Al LDH catalyst.

To explore the potential of the AuiPdi/Li-Al LDH catalytic system, we investigated
its effectiveness in depolymerizing the f-1 model compound (6) under identical reaction
conditions to those employed for the oxidation of the f-O-4 model compound (4). After

the oxidation reaction, the mixture was extracted with ethyl acetate and the dissolved
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products were purified by column chromatography on silica gel. Our experimental
observations substantiate the effective oxidation and cleavage of the -1 model compound,
42% conversion being achieved within a 48-hour timeframe. This process yields
benzaldehyde (6a) and benzoic acid (6b) with yields of 44% and 41%, respectively, as

exemplified in Figure 3. The identity of these products was validated through NMR

analysis.
HO. OMe
fo) [o]
Catalyst (100 mg),
OMe DMF, 48 hours, 120 °C H OH
OH ¥
MeO MeO Me0
OMe OMe OMe
(6) (6a) (6b)

Figure 5.4 Oxidation of lignin model dimer (6) using AuiPdi/Li—-Al LDH. Conditions:
Substrate (0.5 mmol), catalyst (100 mg), dimethylformamide (10 mL), 120 °C, p =1 atm.
O2 (10 mLmin-1). Substrate conversion and product yields were determined by

gravimetric analysis

Fang et al.!® conducted a detailed examination of various oxidation methods on the
cleavage of B-1 lignin linkage using model compound (6). These methods encompassed
KMnO4 under acidic conditions, DDQ (2,3-dichloro-5,6-dicyano-1,4-benzoquinone), and
TEMPO-based (2,2,6,6-tetramethyl-piperidin-1-oxy) oxidation. In the case of the B-1
model compound treated with KMnO4 under acidic conditions, they observed the direct
oxidative cleavage of C-C bonds, yielding same benzaldehyde and benzoic acid with
efficiencies of 12% and 15%, respectively. When subjected to oxidation with DDQ,
compound (6) afforded the corresponding ketone with a high yield of 93%, as illustrated

in Scheme 5.6.
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Scheme 5.5 Oxidation of (6) using DDQ"?

In the case of TEMPO-based oxidation, a diverse array of oxidation systems, each
employing TEMPO as a central component, has been developed. To facilitate a direct
comparison among these distinct systems, a comprehensive analysis of oxidation product
yields was carried out under standardized reaction conditions lasting 19 hours. When
subjecting the B-1 model (6) to oxidation, the CuCl/TEMPO/Oz system produced benzoic
acid (27%), Dbenzaldehyde (75%), and diketone (19%). Conversely, the
Fe(NO3)3/TEMPO/O: system exclusively yielded ketone (46%) and aldehyde (31%), as

depicted in the accompanying scheme 5.6.

o HO. OMe
N — , g
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MeO o
MeO
OMe
OMe
[e]
o OMe
OMe " o
TEMPO, 02/CuCl OH
> + + OMe
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MeO O o
OMe MeO
OMe
OMe

Scheme 5.6 Oxidation of (6) with TEMPO-based oxidation'?

Wang et al.?*® conducted an extensive investigation into the catalytic

depolymerization of a simplified lignin model compound using a '‘BuOK-based catalytic

109



system devoid of transition metals. The study employed both B-O-4 and -1 model
compounds as substrates. Notably, the oxidation outcomes of the $-1 model compounds
demonstrated the effective cleavage and depolymerization of the lignin model compound,
as illustrated in Scheme 5.7 The experimental findings unequivocally establish the
successful depolymerization of the -1 model compound under these conditions, yielding

a sole product, namely benzoic acid, in an approximate yield of 60%.

‘BuOK (4eq), O, (1 atm) OH
1,4-Dioxane, r.t.
OH

Scheme 5.7 Oxidation of B-1 model compound using a tBuOK-based oxidation system?*°

The oxidation and cleavage of the B-f linkages in lignin present a formidable
challenge due to their robust chemical structure. Breaking these linkages can enhance
lignin's reactivity, rendering it more amenable to conversion into valuable products.
Therefore, in this study, we explored the potential of the AuiPdi/Li-Al LDH catalytic
system. We investigated its effectiveness in depolymerizing a B-f linked lignin model
compound (12) under the same reaction conditions employed for the oxidation of (4). After
the oxidation reaction, the mixture was extracted with ethyl acetate and the dissolved
products were purified by column chromatography on silica gel and were analyzed using
NMR spectroscopy and GC-MS. According to the results, the B-f model compound (12)
underwent oxidation in the presence of the catalyst, achieving a 55% conversion within a
48-hour period. In this process, syringaldehyde was the sole identifiable product, yielding
45%, assuming a 1:2 molar ratio of the starting material to syringaldehyde, as demonstrated
in Scheme 5.8. However, the fact that the yield is lower than the conversion suggests the
potential formation of other aromatic ring-containing products that may not have been

detected through NMR analysis or GC-MS analysis, possibly due to their low yield.
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Scheme 5.8 Aerobic oxidation of lignin model dimer (12) using AuiPdi/Li—Al LDH.
Conditions: Substrate (0.5 mmol), catalyst (100 mg), dimethylformamide (10 mL), 120 °C,

p =1 atm. O2 (10 mL min™")

The 2D HSQC NMR results obtained from the oxidation of GVL lignin (Chapter
4) provide valuable insights into the chemical transformations occurring during the
reaction. Following the oxidation process, a significant observation was the absence of
signals corresponding to the B-aryl ether (B-O-4) linkages in the aliphatic region of the
GVL product. This absence of signals strongly indicates that the AuiPdi/Li-Al LDH
catalyst effectively cleaved the B-O-4 linkages within the lignin structure. Our findings,
when considered alongside the results obtained from the oxidation of the -O-4 lignin
model compound, support the hypothesis that the f-aryl ether units in lignin may follow a
reaction pathway similar to that illustrated in Figure 5.2. This pathway underscores the
pivotal role of the AuiPdi/Li-Al LDH catalyst in facilitating the cleavage of -O-4 linkages
in lignin, thus contributing to the depolymerization process. Conversely, when examining
the residual B-p resinol units after the oxidation reaction, we observed weak signals
corresponding to these units. This observation aligns with our understanding of the
oxidation of - model compounds, where complete conversion is not typically achieved.

It suggests that the - resinol units exhibit a different reactivity or stability during the
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oxidation process. Furthermore, during the oxidation of GVL lignin, we were able to
identify the formation of syringaldehyde as a reaction product. This finding raises the
possibility that a portion of the syringaldehyde may originate from the oxidation of the [3-
B linkages within the lignin structure. This underscores the complexity of lignin
depolymerization and the potential for generating valuable chemical products through
selective reactions with specific lignin subunits. These results shed light on the intricate
chemistry involved in lignin valorization and offer valuable insights for the development
of sustainable and economically viable lignin conversion processes.

Westwood and colleagues conducted a comprehensive investigation into the
selective modification of the B—B linkage in kraft lignin by means of oxidation.*! They
employed DDQ (2,3-dichloro-5,6-dicyano-1,4-benzoquinone) in DMF
(dimethylformamide) for the treatment. To assess the impact of the oxidation, they
subjected the lignin sample to thorough 2D-NMR analysis both before and after the
oxidation process. Their analysis revealed a notable reduction in the presence of the f—f
linkage in kraft lignin following the oxidation reaction. Motivated by the desire to elucidate
the reaction pathways and products resulting from the oxidation of the p—f3 linkage, the
researchers opted to employ a model compound to better understand the chemical reactions
occurring in this context. The p—§ model compound was treated with varying quantities of
DDQ, specifically one mole equivalent and three mole equivalents (as illustrated in Scheme
5.9). Utilization of one mole equivalent of DDQ in DMF led to the formation of an alkene
product with a conversion of 50%. Conversely, when the model compound was subjected
to treatment with three mole equivalents of DDQ, a pyran-4-one product was obtained in
an isolated yield of 45%. Furthermore, a mixture comprising the model compound and the
alkene product generated from the p—3 model compound with one mole equivalent of
DDQ. The outcome of this experiment pointed to the formation of the pyran-4-one product
suggesting that the alkene product serves as an intermediate in the conversion process,

ultimately leading to the pyran-4-one product.
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Scheme 5.9 Oxidation of a B-f model compound using DDQ according to Westwood et

31.231

Samec and his research team explored the oxidation of a B—3 model compound
using Bobbitt's salt at room temperature in a methanol and water mixture.??’ Their
investigation revealed a high selectivity of the oxidation system toward the production of
2,6-dimethoxybenzoquinone (DMBQ). Furthermore, they examined the impact of varying
quantities of Bobbitt's salt on the f—f model compound. Specifically, they tested 0.175
mmol and 0.43 mmol of Bobbitt's salt in conjunction with 0.07 mmol of the model
compound, as demonstrated in Scheme 5.10. The results of these oxidation reactions
indicated a 75% yield of DMBQ when 0.175 mmol of Bobbitt's salt was used, and a

significantly higher yield of 91% DMBQ when 0.43 mmol of Bobbitt's salt was employed.

113



Scheme 5.10 Oxidation of B-B model compound using Bobbitt's salt according to Samec et

31.227
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5.4 Conclusion

As part of our research, we systematically prepared various lignin linkage models,
including the B-O-4, B-1, and B-p linkages, with the aim of elucidating the intricate
chemistry underlying the oxidation reactions facilitated by the AuiPdi/Li-Al LDH catalyst
under mild reaction conditions. Our investigation into these models yielded valuable
insights into the reactivity of lignin subunits. In the case of the B-O-4 model compound,
we observed successful oxidation reactions, leading to the cleavage of the f-O-4 linkage
and the generation of cleaved products. Similarly, when exploring the -1 model
compound, we observed the direct cleavage of this linkage. These results showcase the
AuiPdi/Li-Al LDH catalyst's ability to induce selective cleavage of specific lignin
linkages, contributing to our understanding of lignin depolymerization pathways.
Furthermore, our investigation into the B-B compound revealed a different reactivity
pattern. We observed the cleavage of the B-f linkage, accompanied by the formation of
syringaldehyde. This observation indicates that the oxidation of the - linkage can lead to
the generation of valuable chemical products, such as syringaldehyde, adding an intriguing

dimension to our exploration of lignin conversion chemistry.
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CHAPTER 6. CONCLUSION AND FUTURE WORK

6.1 Conclusion

Lignin, a phenolic-rich biomass component, holds great potential for the production
of value-added products. However, its complex structure and inherent resistance to
breakdown pose substantial challenges in harnessing its full potential. In response to these
challenges, we developed a bimetallic catalyst, namely AuPd/Li-Al layered double
hydroxide (LDH), with the purpose of facilitating the depolymerization of lignin. To
achieve this, a series of catalysts consisting of Au, Pd, and Au—Pd supported on Li-Al LDH
was synthesized through a sol-immobilization method.

Our research began by examining the catalytic activity of these catalysts in the
oxidation of simple benzylic alcohols. It was evident that among the catalysts tested,
Au7Pds/Li-Al LDH and AuiPdi/Li-Al LDH displayed superior catalytic activity compared
to AusPd7/Li-Al LDH, pure Au, and pure Pd catalysts. Encouraged by these results, we
delved deeper into the properties of the AusPds/Li-Al LDH and AuiPdi/Li-Al LDH
catalysts, focusing on their performance in the aerobic oxidation of benzylic alcohol groups
in f—O—4 linked lignin model dimers, conducted under atmospheric pressure. What
emerged was a sequential oxidation process, which led to the cleavage of the B-O-4 linkage,
illustrating the remarkable potential of these catalysts in lignin depolymerization.

Subsequently, we extended our investigation to the oxidative deconstruction of y-
valerolactone (GVL) extracted maple lignin, conducted at 120 °C using Oz as the oxidant.
Of all the catalysts, AuiPdi/Li-Al LDH proved to be the most effective, yielding a diverse
range of aromatic monomers, including vanillin, vanillic acid, syringaldehyde, and syringic
acid, among others, with an impressive 27% total monomer yield. These results strongly
indicate that the AuiPdi/Li—Al LDH catalyst system holds promise as an eco-friendly and

efficient catalyst for lignin depolymerization under mild reaction conditions.



Inspired by the success of our lignin oxidation experiments, we embarked on a
study of lignin linkage models, including the -O-4, -1, and B-P linkages. Our objective
was to gain a deeper understanding of the intricate chemistry underlying the oxidation
reactions facilitated by the AuiPdi/Li-Al LDH catalyst under mild reaction conditions.
These investigations yielded intriguing insights. For the p-O-4 model compound, we
witnessed successful oxidation reactions leading to the cleavage of the 3-O-4 linkage and
the formation of cleaved products. Similarly, when exploring the B-1 model compound, we
observed direct cleavage of this linkage. These findings underscore the remarkable ability
of the AuiPdi/Li-Al LDH catalyst to selectively cleave specific lignin linkages, enriching
our understanding of lignin depolymerization pathways. Furthermore, our study of the -
compound revealed a distinct reactivity pattern. Cleavage of the B-f linkage was
accompanied by the formation of syringaldehyde, introducing a new dimension to our
exploration of lignin conversion chemistry. In sum, these findings offer a improved
understanding of lignin valorization and the potential for the AuiPdi/Li-Al LDH catalyst
system to pave the way for sustainable and economically viable lignin conversion

Processcs.

6.2 Future Work

(1) During this research, we employed a suite of characterization techniques, including N2
physisorption, ICP-MS, TEM, and XPS analysis, to attain a comprehensive understanding
of our AuPd bimetallic catalyst system. These techniques have proven invaluable, shedding
light on elemental composition, particle size distribution, electronic interactions between
Au and Pd, and the catalyst's behavior with support materials. Looking ahead to future
investigations, we recognize the paramount importance of incorporating in-situ studies to
visualize the dynamic behavior of AuPd bimetallic catalysts under real experimental

conditions.
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The inclusion of in-situ characterization techniques in our research is imperative, given the
intrinsically dynamic nature of AuPd bimetallic catalysts during catalytic reactions.”** An
in-depth comprehension of how these catalysts operate under actual operational conditions
is central to optimizing their performance and uncovering the fundamental drivers of their
catalytic activity.** In-situ techniques offer an invaluable avenue for obtaining real-time
insights into the catalyst's dynamic structural and chemical transformations, the behavior

of active sites, and the influence of varying reaction parameters.

(2) In our previous research, we conducted a comprehensive investigation into the
oxidation of model compounds representing 3-O-4, -1, and B-f linkages. This inquiry was
carried out utilizing the AuiPdi/Li-Al LDH catalyst system, and it provided us with
invaluable insights into the potential reaction pathways and transformations that occur
during oxidative lignin depolymerization processes. Building on these findings, our future
research endeavors will address an additional significant aspect of lignin chemistry, namely
the presence of B-5 linkages, which are noteworthy components of lignin biomass. While
our prior work shed light on the reactivity of specific lignin linkages, it is essential to
recognize the substantial prevalence of the -5 linkage within lignin biomass. Depending
on the source of lignin and the methods employed for its processing, the -5 linkage can
constitute a significant portion, ranging from 2% to 9% of all linkages in the lignin
structure.?> 22! Consequently, our forthcoming research will extend its focus to encompass
the study of model compounds representing the -5 linked lignin structure. This study will
employ the same AuiPdi/Li-Al LDH catalyst system, which has demonstrated promise in
our prior investigations with other model compounds.

This expanded research approach will enable us to thoroughly explore the reactivity,
transformation pathways, and catalytic behavior of B-5 linked lignin model compounds
under controlled conditions. By utilizing a consistent catalyst system across a range of
model compounds, we aim to develop a comprehensive understanding of the catalyst's
performance and its influence on the intricate processes involved in lignin

depolymerization.
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(3) A few research groups have studied supported AuAg and AuCu bimetallic catalysts mainly
for oxidation of CO and benzyl alcohols.''*** 23 These investigations have yielded promising
results, demonstrating the high catalytic activity of both AuAg and AuCu bimetallic systems
in these chemical transformations. The commonly employed supports in these studies have
been SiO2 and TiO2. Looking ahead to future research directions, there is potential for
extending these studies into a novel realm of catalysis. The focus would be on Li-Al layered
double hydroxide (LDH)-supported Cu and Ag, in conjunction with Au bimetallic
nanoparticles. This combination would be specifically tailored for oxidative lignin

depolymerization.
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APPENDIX

BCNMR spectra of synthesized lignin model compounds
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