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Abstract

Renewable materials have been put into the spotlight as the demand for
environmentally responsible feedstocks grows yearly. Lignin, an abundant and
renewable aromatic polymer, which can source a diverse cast of derivative structures,
has yet to rise to the potential it possesses as a material in high technological
applications. The expansion of studies and growing interest in its versatility has
brought forth materials such as lignin nanoparticles, coatings, films, second
generation alcohols, phenolic building blocks for drug synthesis, and many others.
Among the many valorization methods thus far pursued, photochemical methods
have received relatively low representation, incurring several challenges stemming
from less desirable interactions of lignin as a substrate directly with light. As the
search for clean, low-emissive processes with high scale-up potential for lignin
valorization continued, advances and studies on the benefits and challenges on the
use of photochemistry with this class of compounds became the focus of this work.

This thesis will primarily aim to highlight our efforts to find photocatalytic
materials and systems to achieve lignin valorization, discuss its limitations and
benefits, and provide a pathway towards potential applications of these reactions.
Our core values were to find conditions that worked well, but also translating that
success into systems that could be greener and less dangerous or environmentally
impactful.

We can report to have achieved single-product yields of over 2% in
protolignin valorization reactions using Pd and Au based nanopatrticles, supported
on niobium-based materials. We have also reached up to 2% yields in visible-light
reactions using CdSe quantum dots. While literature reports tend to overwhelmingly
focus on lignin models, we have kept ours on real lignin, which while more complex
and challenging, does present more relevant results in the long run for this field.
These results, in addition to molecular model valorization experiments, present a
promising prospect for the application of photocatalysis in lignin valorization for the

future.
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Chapter 1 Introduction

1.1 Historical Context

The Discovery of Lignin

Wood has been for thousands of years one of the most important resources
to our species. From the construction of shelter, its use for energy and heat
generation, and later all of its finer applications, its safe to say that harvesting this
renewable material has shaped the advance of society and the hold of our species
over nature. Paper is a finer application of wood, and one that revolutionized the
keeping of recorded history and stories, starting with its discovery by Ts’ Aiin China,
around 105 AD®. For over a thousand years afterwards, plant fibers were
mechanically separated in a rudimentary process to produce paper, which used no
chemical enhancement processes, and all of which happened before any

components of wood had ever been discriminated or chemically described.

In 1838, a wealthy chemical manufacturer in France named Anselme Payen
performed experiments for the extraction of chemical derivatives from wood?!. He
discovered a new treatment in which he used a concentrated nitric acid solution to
oxidize wood, followed by a wash with alkaline solution of diluted sodium hydroxide
to separate the resulting extract into two fractions. This method produced an
insoluble product which he denominated “cellulose”, and a secondary fraction that
dissolved upon alkaline treatment, which he referred to as “dissolved incrustant”.
According to most sources, that dissolved by-product was later named “lignin” by
Schulze in 185712,

A few years prior to Payen’s experiments, great advances had been made in
the field of organic chemical analysis, and of notable influence on him, combustive
processes discovered by Antoine Lavoisier in the 1780’s were of special importance.

Lavoisier's method was a rudimentary experiment to determine mostly carbon and



oxygen content by burning a sample in a controlled manner, though it required
multiple operators and was very time consuming and expensive. Through the
contributions of other researchers, combustive analytical methods evolved slowly
over the following decades, and by the time of Payen’s experiments, Justus von
Liebig had reduced the previously cumbersome and costly process to a bench
experiment, requiring only one operator and only half a gram of analyte. Liebig’s
method for carbon, hydrogen and oxygen determination was then used by Payen to

produce an early account of the chemical difference between raw wood and lignin.

It wasn’t until over thirty years after the original discovery of lignin that the first
patent was filed for an industrial process for the pulping of wood by extracting lignin,
yielding isolated cellulose fibers.

Figure 1.1: Later model proposed by Freudenberg for the structure of Spruce lignin in 1968.
Reprinted with permission from McCarthy, J. L., & Islam, A. (1999). Lignin chemistry,
technology, and utilization: A brief history. ACS Symposium Series, 742, 2—66. Copyright
1999 American Chemical Society.



Studies on Structure and Natural Formation

The continuation of the historical background of lignin is one of its structures,
and the extensive studies made to reach an accurate and complete description of its
chemical bonds and monomeric unit structures. Little more than the aromatic nature
of lignin was known for at least 2 decades after its initial discovery, until further
extractions started to reveal possible monomeric products that were theorized as
being related to the structure of lignin. A significant leap in this era was the isolation
of coniferin, a glucoside of coniferyl alcohol, by Tiemann and Mendelsohn in
187511 which they obtained by treating wood with emulsin (B-glucosidase),
obtaining coniferyl alcohol and glucose. They attributed the presence of coniferin to

lignin, constituting one of the first hints at the monomers present.

It is pertinent to mention that in 1880, Cross and Bevan'? used a modified
extraction on wood to yield purified cellulose. Their method involved the extraction
of several bast fibers, such as flax, hemp, manilla and others, by way of boiling it
with a hydrochloric acid solution, yielding cellulose and “an aromatic body”, isolated
as a chlorinated derivative with similar structure to that of a tetrachloroquinone. The
mixture of extracts was then treated with nitric acid to yield a stable and isolated
cellulose and a nitro-derivative of the aromatic compounds. This development is
noted since we know it by the name of kraft pulping, and it is the most significant
method of cellulose isolation, thus one of the many processes that result in large
amounts of leftover lignin, that being the aromatic compounds the authors referred

to.

Progress in elucidating a sensible structure for lignin was slow, as pointed out
by Freudenberg in his article Biosynthesis and Constitution of Lignin®. A hurdle
during early compositional analysis was to determine whether lignin was an ordered

structure or repeated units, such as cellulose, or if it was a “compost heap”.

A large contribution to lignin studies was realized when H. Erdtman’s
experiments! on oxidizing isoeugenol using mushroom oxidases generated

phenylcoumaran, which had similar structure and composition to those believed at
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the time to compose lignin. Based on this, and by using an oxidation reaction as a
model for the formation of lignin, Erdtman postulated in 1933 that lignin is most likely
a product of the dehydrogenation of guaiacyl-propane, with oxidized sidechains. This
was a very influential and important account of lignin characterization/definition via
its rationalized mechanism of formation and this approach, as will be discussed next,

had very lasting consequences.
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Figure 1.2: Freudenberg condensed the structures of the different monomers then
estimated to compose lignin in this schematic. More possible structures would be added, as
complex moieties were found, but the theories around lignin formation stem from the
interactions of these compounds. Reprinted by permission from: Springer Nature, Nature.
Biosynthesis and Constitution of Lignin, Freudenberg, Karl, 1959.

This then led Freudenberg, among many other researchers, to start
investigating the formation of lignin as the means of fully comprehending its
structure. The methodology chosen was to introduce radioactive compounds into
spruce saplings to be used as a tracer, or marker. After a few days, the area that
was left absorbing the marker is tested for radioactive lignin. If the compound infused
with the radioactive material is similar enough in structure that the plant can
biosynthesize it into lignin, they would then obtain a building block for lignin itself.
The conclusions of this study were that from a CeCs acid, plant metabolism generates
coniferin, which is later converted by B-glucosidase into coniferyl alcohol, which is

then converted into lignin by laccase and peroxidase.
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Figure 1.3: Intermediary structures obtained by the production of lignin in vitro. Reprinted
by permission from: Springer Nature, Nature. Biosynthesis and Constitution of Lignin,
Freudenberg, Karl, 1959.

It was also found that different bindings of the alcohols were possible when
different conditions or slightly different structures were introduced, such as the

examples shown in Figure 1.4.

Lignocellulose has since been the name given to the bulk of dry plant matter,
also referred to as lignocellulosic biomass, and as such it is one of the most
abundantly available organic-based raw materials on Earth. It is composed of three
major polymeric structures, divided under two categories. Cellulose and
hemicellulose are carbohydrate polymers, while lignin is an aromatic polymer. Lignin
is considered a macromolecule, which in short is a molecule with a large structure,

usually ranging from 100 to 10,000 angstroms®.
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Figure 1.4: A more complete representation of the possible aromatic constituents of lignin,
including their common names, as well as dimers and trimers present. Reprinted from
Comprehensive Natural Products Chemistry, Vol. 3, Lewis, N. G., Davin, L. B., The Nature
and Function of Lignins, 617-745, Copyright 1999, with permission from Elsevier

1.2 Lignin Characterization and Classification

As highlighted in the previous section, lignin exists in nature as a polymer

bound to cellulose and hemicellulose to constitute both structural and certain active



portions of plants. To describe it in modern terms, lignin can be considered an
amorphous heteropolymer, referring to the different types of moieties and linkages
which compose its overall structure!. Lignin has an assortment of phenylpropane
units, joined by a variety of linkages, and in its native form is highly insoluble in water.
The heteropolymer nature of lignin gives it resistances to microbial attacks and
oxidative stress. The demand for separation of lignin from its neighbouring polymeric
structures has historically favored the recovery of cellulose and hemicellulose in their
native form, as both had been developed early on into massively important industrial

starting materials of the paper industry.

As there is no current method to obtain lignin without extraction which, by
nature, modifies its structure, it is widely accepted that there is no one universal
model or “correct” structure for lignin, and therefore the study of this class of

compounds is highly complex.
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Figure 1.5: Lignin modification during pulping processes. Reproduced with permission from
Glasser, W. G., Copyright 2019

Despite the extensive compositional variabilities, we can sort lignins into two
primary groups, the first of which being extracted or technical lignins, and the second

group is that of protolignins.



Technical Lignins

Isolated lignin is obtained as a product of an extraction process from wood,
leading to a material of either more narrow characteristics, such as a specific gain in
solubility, or just a generally smaller molecular weight upon the breaking and
modification of a certain linkage to separate it from hemicellulose and cellulose, such

as the process shown in Figure 1.5.

Traditional pulping reactions give us insight into some form of modifications
that can be expected when extracting lignin. In Figure 1.5, two typical extractions
used in the pulping of wood, one alkaline and one with acid treatment, are
represented. At the top section, Alkyl-aryl ether cleavage and phenolic OH
generations are achieved through quinonemethide intermediates in alkaline media.
Presence of bisulfide ions prevents side-reactions, maximizing alkali-solubility and
achieving a more complete depolymerization. At the bottom, water-soluble lignin
sulfonates are produced through benzylium ion intermediate aromatic structures,

which represents a typical acid pulping condition, again with bisulfite present.

Technical lignins can also be subclassified in two major groups®, depending
on the separation method used to obtain them. The first encompasses extracted
lignin, such as Kraft, organosolv lignin, dioxosolv lignin, sulfonated lignin, among
others, while the second is the result of hydrolysis reactions to remove carbohydrates
from raw wood, also called hydrolytic lignin. Dioxosolv and organosolv lignin are
worthy of special note, as they are selectively extracted to isolate components that

are each especially soluble in aqueous or organic solutions, respectively.

Protolignins and Compositional Analysis

A widely used terms to categorize lignin is the source by which it was
obtained, meaning the type of wood from which it was extracted, such as beech,
spruce, or pine. This can give some general information about the expected aromatic
composition of lignin, and the general yield of lignin from the sourcing wood.
Statistical and compositional analysis done by Ragauskas and Ralph*”-’” generated

three major divisions of lignin, so that the use of individual tree species was
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unnecessary. The new classifications are hardwood lignin, sourced from dicotyledon
angiosperms, softwood lignin, sourced from gymnosperms, and herbaceous lignin,

sourced from monocotyledon angiosperms.

The name given to the group of structures being characterized and classified
by this methodology is that of protolignin®. Classifying protolignins is a much more
modern process than classifications of extracted lignins, and much of its
advancements came with progress made in the field of 2D NMR. Thanks to this
technique, individual moieties could be identified without the need for breaking the

polymer into its fractionating compounds, and thus a more accurate description of

their structure is achieved

Though knowing the type of lignin can be insightful towards applications and
preferable experimental conditions, it is not enough to understand the chemical
makeup contained in a specific source, or even batch of lignin. Therefore,
compositional analysis of aromatics and structures is essential, since it provides
more clear distinctions as to what can be expected in terms of monomer yields,
antioxidant capability, and other relevant outcomes.

Table 1.1: Historical studies on lignin composition from different sources and authors.
Adapted from McCarthy, J. L., & Islam, A. (1999)!
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*Freudenberg S 18 38.9 16.7 97.1 33.3 13.9 2.7 97.2
*Adler S 16 43.8 18.8 19.5 45 1.0 1.5 16.0
*Nimz H 25 48.0 32.0 81.6 14.4 15.6 16.0 124.0
*Sakakibara S 28 42.9 21.4 100.0 |32.1 7.1 14.3 89.3
*Glasser S 81 39.5 16.0 104.0 |29.0 7.5 16.0 91.4
*Brunow S 25 64.0 20.0 158.0 |12.0 0 6.0 100.0
Jurasek S 2289 52.3 13.9




Jurasek H 2289 58.4 17.0

Mikscke S 49-51 |6-8

Mikscke H 62.0 6-8

*Glennie LS 20 50.0 0.0 75.0 35.0 5.0 10.0 100.0
*Marton KL 21 14.3 0.0 43.9 64.3 14.3 0 78.6

S = Softwood, H = Hardwood, LS = Lignosulfonate, KL = Kraft Lignin
*Values calculated approximately by the authors from the lignin structure figures provided in their work, linkages and

functional groups calculated/100 Cg units

1.3 Advances in lignin valorization and applications

Early studies in lignin valorization included primarily the production of Vanillin
by Pearl*2, but strategies for lignin valorization have evolved to cover a much wider
variety of target molecules. This progression of stratagems has accompanied the
energy and sustainability paradigms that modern science is working towards solving.

Some of the modern lignin valorization techniques are here described.

Pyrolysis

Pyrolysis of lignocellulosic biomass is a process that through the application
of high temperatures, from 350 to 800°C, lignocellulosic decomposition is obtained.
Product composition in reactions such as this are usually a biogas, a liquid bio-oll
and solid residue called bio-char. The “bio” denomination stems from the high
amounts of carbonaceous and carbohydrate molecules contained in each of the
previous products, however, due to the complex nature of the lignocellulosic
feedstock and the non-selective process that is pyrolysis, product variety and
distribution of this process has proven to be extremely difficult to control. This is not
the only limitation of the technique, since the temperatures used for pyrolysis also
accrue a higher energy demand than competing methodologies, making it an

uneconomic choice. 51:52

Despite that, direct pyrolysis of raw biomass is still a methodology capable of

generating lignin-derived phenols and sugar-derived products simultaneously. The
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low selectivity is still a strong limiting factor, since separation of these products is not

trivial, and adds another step to an already not cost-effective operation. >3

Solvolysis

Lignin solvolysis has been performed as both a means to obtain value-added
compounds from lignin, and in the development of analytical studies for lignin
structure. Historically speaking, acidolysis of lignin was one of the first techniques
employed in the characterization of lignin monomers.>* One early example of
monomer studies was the finding of “Hibbert’s ketones” in the early 40’s by Harold
Hibbert, those being keto-phenolic monomers generated from the acidolysis of
lignin.>®

Another common solvolysis process for lignin breakage is the base-catalyzed
depolymerization of technical lignins, which uses mineral bases to break alkyl-aryl
ether linkages.%® In the past decade, catalytic oxidative or reductive pathways have
been prioritized over non-catalytic solvolysis for the depolymerization of the lignin.
Both strategies have been developed to promote lignin depolymerization some-
times through C-C cleavage (oxidative cleavage of Co-Cg) and increase the

phenolics yields through reductive stabilization of the intermediates and products.

Catalytic Oxidative Depolymerization

Oxidative depolymerization of technical lignins has mostly been focused on
the production of vanillin, which besides having potential immediate commercial
applications as a natural vanilla extract, is also considered a key-intermediate for the
manufacturing of bio-based polymers.f2 A lasting example of this industrial
applicability is the production of vanillin from lignosulfonate under alkaline condition,
catalyzed by Cu(ll), by the Borregaard company since 1968.53

Some of the main compounds used in the catalytic oxidative depolymerization
of lignin are based on transition metal ions, such as Fe(lll), Mn(ll) and (I11), Co(ll)
and Zr(IV). Accounts in the field indicate that these semiconductors can enhance
oxygen reactivity, facilitating the cleavage of B-O-4 and pinacol C-C linkages in

technical lignins.®*
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It is in the process of catalytic oxidative depolymerization that heterogeneous
metal oxides have recently been more commonly employed. Semiconductive metal
oxides such as CuO, MnOz2, TiOz, and ZnO have shown good efficacy in lignin
depolymerization under certain conditions, while retaining the benefit of ease of
separation and recovery of the catalyst.®5-67

Another two important groups of catalyst bear mention in this section, those
being polyoxometalates (POM)® and biomimetic catalysts, including metallosalen
complexes and metalloporphyrins®®:7°, which have been reported to cleave the -O-
4 linkages. The oxidative approach presents clear advantages over the reductive
pathway and others previously discussed, including milder conditions in terms of
temperature, which is often just around 100°C, and also the production of more
valuable fractions of monomers.”® The compounds produced often include
monomers with active functional groups, such as aldehydes, offering flexibility and
modularity afterwards for a wide gamut of applications. A disadvantage of the
oxidative pathway so far is the lack of observed C-C linkages that it can cleave,
though that is an area for improvement, even if it limits the yield of the reaction in the
meantime.’"3

The other major drawbacks for the catalytic oxidative pathway to lignin
valorization have been limiting the over-oxidation of the lignin when peroxides and
other strong oxidants are present, which can cause unwanted ring opening
reactions,’* and radical repolymerization of monomeric and dimeric fragments of
obtained technical lignin valorization products, the latter being a consistent issue with

this pathway.”®

Catalytic Reductive Depolymerization

Ni, Ru, Pd-based catalysts have been employed to the reductive catalytic
depolymerization of organosolv lignin. The choice of this subsection of technical
lignins is important, as lignin solubilization is an essential factor for the success and

a strong limitation to these reactions.

Recent work has been able to achieve the catalytic hydrogenolysis of

organosolv lignin, obtaining moderate yields of monomers, in the range of 3 to 25%,
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when using molecular hydrogen. In these reactions, Ni, Pd, Pt, Ru, and other metals
can dissociate molecular Hz, while physicochemical properties of their respective
supports, those being acid sites or large surface areas, can contribute to the
cleavage of ether bonds. The hydrogen added to the media had two major roles, the
first being of course to promote the hydrogenolysis of lignin, but an equally relevant
one is the inhibition of condensation reactions, via the hydrogenation of reactive

intermediates, reducing the yield of char/coke. 8486

As mentioned in the previous section, the presence of side chain functional
groups tends to generate more valuable monomers and can limit further
functionalization processes. Since this method relies on the reduction of the side
chain functional groups, the products from this reaction may therefore be less
valuable, comparatively speaking. This is very dependent on the intended application

and subsequent reaction pathways taken on the valorization of monomeric products.

Major monomeric products from these reactions are variations of 4-
alkylguaiacol and 4-alkylsyringol, including either ethyl or propyl para-substituted
sidechains. Some work has since been done in the tuning of the hydrogen pressure
used in these systems, since early indications are that even slightly excessive
hydrogen pressures could suppress the catalytic hydrogenolysis of lignin, lowering

the yields of monomers/bio-oil and minimizing char formation.84-86

Most examples of catalytic reductive depolymerization have been done using
exogenous hydrogen, commonly produced from fossil sources (often called “dirty
hydrogen” in the renewable field), which is neither ideal nor renewable, and the
presence of large reserves of Hz also presents a fire-hazard and adds costly
maintenance additions to the work environment necessary for its manipulation and
safe use.®”88 In response to that, catalytic transfer of lignin in hydrogen-donor
solvents (methanol, ethanol, isopropanol) without external hydrogen has been
gaining traction in this field, and many combinations of hydrogen donors, including

sustainable alternatives, have been studied by the Scaiano Group in recent years.5%

89-91
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1.4 Niobium-Based Catalysis

From the myriad of materials that can be chosen as the base of catalysis for
lignin valorization, niobium-based compounds bring to the table some unique

advantages and have strong implications outside of the laboratory.

Both Canada and Brazil combined possess over 99% of global reserves of
niobium and are the major producers of niobium-based compounds worldwide. If
sustainable exploitation methods can be observed, the application of this resource
for environmental technologies can provide a notable socio-economic benefit to both
countries, since thus far few applications of niobium-based compounds have been
identified for fine and industrial chemistry.®? Niobium-based oxide semiconductors,
especially, have a hypoallergenic character, possess low cytotoxicity, physiological
and chemical inertness, and high thermodynamic stability. These characteristics
indicate that niobium-based compounds may be ideal as environmentally friendly

supports for catalysis and photocatalysis. 9%-%4

The emerging trends with niobium catalysts are the application of their high
stability combined with the acid-character of its surface as a highly stable support
and co-catalyst in biomass upgrading industries. Although commercial applications
are not yet widespread, recent reports highlight their superior lifecycles, higher
yields, and other advantages in their catalytic applications.®>°’. Niobium has a
relatively high abundance on Earth, at around 20 ppm, which is comparable to other
early transition metals, like cobalt and lithium, except with more limited ongoing
applications, the market has a lot more space to grow when compared to already

depleting reserves of lithium, for instance.®

One last advantage that bears mention is the flexibility offered by using
niobium-based supports for catalysis, since these materials possess higher water
tolerance than most other semiconductor oxides that compete for this locus.% Lignin
and its derivatives are naturally wet materials, especially when we consider emerging

lignin-first approaches to lignin valorization, and some technical lignins are made

14



specifically to be more water soluble. The ability to explore water as a solvent in
lignin valorization reactions, with advantages in the processing and generation of
organic materials from the standpoint of how easy it becomes to reuse the solvent
after a trivial separation of the products, it becomes apparent that developing and
furthering the understanding of niobium-based supports and catalyst in this space is

highly desirable.

Decorating with Metallic Nanoparticles

To complement the properties of niobium-based catalysts, and especially to
make use of visible-light photocatalysis, it is common to decorate metallic
nanoparticles onto its surface. To explore the effects of doping niobium based
photocatalysts with nanopatrticles, a few important definitions must be made in order
to best understand what they are and what their contribution might be to the catalytic

system.

Nanoparticles are one specific case of nanomaterials, where the size of all
dimensions of a single particle is between 1 and 100 nanometers(1®29, Other
nanomaterial classes may have one or more dimensions within those limits, this size
classification is not always strictly applied, as the most important factor is the

appearance of specialized and/or enhanced properties.

Nanomaterials may be composed of either single or multi-phase chemical
elements imbuing the material with improved or modified catalytic activity. Other
varying properties may occur, such as electrical, magnetic, or thermal properties, but
the goal is to tailor the size and shape of the nanomaterial so that the target property
is superior to that of the same material in bulk!®. A first characteristic that has an
integral impact on such enhancement is the ratio of surface area available to the
nanomaterial per unit of mass. As size decreases, the fraction of atoms composing
the surface of their particles increases in relation to the ones with no surface

contact?’.
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Figure 1.6: A contextualized size comparison of different magnitudes, illustrating where on
the scale we can find common nanomaterials. Reprinted with permission from Amim, M. T.
et al. (2014)*

Another important factor on the specialized or enhanced properties of
specialized nanomaterials is due to quantum effects, observed because of their
electrons being confined in a more limited space, manifesting a quantized energy
spectrum, otherwise not present or detectable in bulk materials. This may result in
magnetic moments that will, likewise, not occur in bulk materials, but can be

observed in nanomaterials based on metals such as palladium, gold, or platinum.??23

Compositionally speaking, typical nanomaterials may be found to be carbon-
based, such as graphite and carbon nanotubes, or NPs of noble transition metals,
such as Au, Ag, or Pd, among others. The only class applicable to this work thus far

is that of metal nanoparticles.

Synthesis of metal nanoparticles

A common method to classify methodologies for the preparation of metal NP
is to group them into top-down and bottom-up approaches. The choice of method
depends on the application intended, as well as the scale of material needed, the
control over the size distribution, stability of the final particles, and others.

The top-down approach starts with a bulk material which is broken down, or

ablated, into smaller units until the desired size to form the target nanoparticles.
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Some of the means through which the bulk material may be broken down include
mechanical grinding, physical deposition, laser ablation and electro-explosion.?4-2°
The top-down approach has significant limitations when controlling particle shape
and size is relevant, since the highly energetic means used to ablate the bulk
material tend to not be very uniform in the shaping of individual particles, or in the
formation of smaller NPs. If the target nanoparticle must have smaller sizes and/or
more controlled shapes, the next method is recommended, the bottom-up approach.

The bottom-up approach is based on the formation of the nanomaterial from
the atomic or molecular species through a chemical reaction or self-assembly
process.?® The slow formation of the particles, ease of control over variables such
as the time of reaction, presence of stabilizing and capping agents, and the
possibility of using lower-powered energy sources over a longer period of time
combine so that the bottom-up approach may be able to obtain greater control over
the uniformity of the size and shape distribution of the nanomaterials.

To expand on the variables mentioned, this synthetic methodology works
through the combination of two main parts: nucleation and growth. The synthesis of
metal nanoparticles, for instance, can occur with reduction of a metal salt as a
precursor to the atomic state (I, Cs). Saturation of precursor solute gradually
increases until a critical energy barrier is overcome, that being the activation energy
to the self-nucleation stage of the salt (Il, Cmin). Spontaneous nucleation of these
nanoparticles is possible, but only under the condition of a supercritical state, such
as a supersaturation of the precursor solute. (Cmax).2” As the concentration of the
precursor solute decreases, the saturation level is leveled below a self-nucleation
state, thus ending the nucleation period, marking the start of the second step to
nanoparticle formation, the growth period. Growth occurs due to the diffusion of the
dispersed nuclei and monomers through the solution, yielding monodispersed

particles (Ill). These steps can be visualized in Figure 1.7.27-29
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Figure 1.7: La Mer nucleation diagram, outlining steps towards nanoparticle formation.
Reprinted by permission from: Springer Nature, Korean Journal of Chemical Engineering,
LaMer diagram approach to study the nucleation and growth of Cu,O nanopatrticles using
supersaturation theory, Arshadi, S., et al. Copyright 2014.2°

Photochemical bottom-up approach

There are a variety of methods that are used to synthesize metal NP,28-3! but
the photochemical method offers many advantages over the other methods. It is
possible through controlling the time, wavelength of the irradiating light, presence of
a photosensitizer, and of a support, to tune the formation of the target nanoparticles
to a narrower size and shape distribution, optimizing its optical properties in the final
material. The use of a photosensitizer other than the metal salt itself is not always
necessary, but in prior experimentation, contributors in the Scaiano Group have
found that even in such scenarios the presence of a specialized photosensitizer has

a positive effect on the yield of nanoparticles.
1.5 Pursuing Greener Advances

The search for new and commercial applications of lignocellulosic materials
and lignin valorization reactions is often associated with green chemistry goals.
Though lignin is a renewable material and using it as a feedstock substitute to a
variety of non-renewable materials is indeed beneficial, there are several other

elements from these reactions that can be improved upon so that the resulting
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process has a better chance to be accepted into a market increasingly selective

towards sustainability.

Solvent selection

Goals for greener solvent selection have been set with different standards
depending on the application and volume that is required® but general concepts that
apply in most cases can be discussed for any type of researching pursuit that
involves wet chemistry. Outlined by Fischer’, finding a green solvent hinges on a
critical analysis of its environmental, health and safety aspects, and the second main
factor is the energy demand required for its production and end-of-life cycle options,

leading to a net cumulative energy demand (CED).

These parameters have been analyzed in multiple conferences and by
several entities over the years, leading to the publication of solvent selection guides
by GlaxoSmithKline (GSK), AstraZeneca, American Chemical Society’s Green
Chemistry Institute (ACS GCI), among others. These publications mostly used
numerical scoring for key parameters of each solvent, but each group chose different
classifications to focus on. An example is the analysis from ACS GCI, which scored
classes such as handling safety, health impact, air contamination, water
contamination, and waste potential, while GSK, for instance, focused on a global
score for environmental impact and divided the handling safety parameter into
several categories, generating slightly different conclusions. As the numerical scales
generated different results that were difficult to reconcile, and justifying averaging
conclusions from different perspectives seemed counterproductive, a more recent
attempt at a tool for solvent selection was developed by a consortium gathering
contributing scientists from Sanofi, GSK, Pfizer, The University of York, and
Charnwood, under the project called CHEM21. This public-private collaboration
reviewed the previous three solvent selection systems and adapted their score

system into a three-tiered assessment of safety, health and environmental impact,
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and solvents were categorized as green (G, or recommended), yellow (Y, or

problematic), and red (R, or hazardous).

Table 1.2: Examples from the CHEM21 tool for solvent selection. Some conclusions from
previous publications were revised, as shown in the last column, but most were kept. The
nomenclature of problematic is not prohibitive but serves as a highlight that even previously
tolerated solvents could benefit from the development of more modern substitutes. (Adapted
from Prat, D, et. al., 2016)°

Family Solvents Safety Health Env. Ranking by Ranking after
Score Score Score default discussion
Water Water 1 1 1 Recommended = Recommended
Alcohols MeOH 4 - 5 Problematic Recommended
EtOH 4 3 3 Recommended = Recommended
i?cr(]JZhy(ll 1 2 Problematic Problematic
Esters THF 6 Problematic Problematic
Anisole 4 1 5 Problematic Recommended
Halogenated DCM 1
Chloroform = 2 Problematic
Aprotic Polar  Acetonitrile 4 3 3 Problematic Problematic
DMSO 1 1 5 Recommended  Problematic

Water

If there is ever to be a solvent called the gold standard for green chemistry, it
must be water. The solvent with the best safety, health and environmental scores,
there is a strong case to recommend it as a solvent in any reaction that does not
contain water sensitive components. Problems arise when trying to apply it at large
in the field of organic chemistry, where compounds are generally incompatible with

it, given mainly to insolubility issues.

Despite the limitations, it remains a goal to transition organic chemistry into
aqueous media, to limit current and future environmental impacts, and achieve safer

work environments.
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Organic solvents

While water stands in a league of its own in terms of green solvents, however
limited the current application scenarios may be, organic solvents have the
advantage of encompassing a wide range of compounds, providing much needed

flexibility for organic chemical reactions.

Alcohols, ketones, ethers, esters, hydrocarbons, halogenated compounds,
aprotic polar compounds, amines, acids, the list is extensive and provides
compounds with an entire spectrum of polarities, boiling points and freezing points,
viscosities, and so on. The examples contained in Table 1.2 show a selection of
solvents analyzed by the CHEM21 consortium (Prat, D., et. at., 2016), specifically
those that had either a direct or tangential participation on the present work. To
classify solvents in the three presented categories, the authors and collaborators first
used the score system adopter prior, as shown in Table 1.3.

Table 1.3: Standard rankings of recommendation prior to second analysis. Each solvent is

classified by its harshest possible label, based on the conditions set. (Adapted from Prat, D.,
et. al., 2016)

Scores Ranking before discussions

One score 2 8, or two “red” scores _
One score = 7, or two “yellow” scores Problematic

Any other combination Recommended

A second assessment was held in the form of special discussions focused on
correcting the classification of solvents which presented either a hazard that
supersedes the noted classification, or a benefit that raises its recommendation
status. Such was the case for acetonitrile, as shown in Table 1.3, due to its health
score not fully reflecting the low occupational threshold value. The opposite was true
for methanol, which had its classification changed from problematic to
recommended, after assessments determined that the occupational threshold value

for it was higher than similar solvents.
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Catalyst selection

Applying catalysis to existing industrial processes is a part of the tenets of
Green Chemistry, and the selection of said catalyst is highly relevant in order to
determine not only the efficacy of the reaction in question, but also the economical
and scale-up aspects. Stepping back for a moment for more relevant definitions, we
may define a catalyst as a material that takes part in a chemical reaction facilitating
the reaction by interaction with reactants but is not consumed or is regenerated by
the end of the reaction. The main advantage of using a catalyst is to increase the
speed of the reaction by lowering the activation energy of one or more steps in the
target reaction, which allows it to occur under milder conditions. Though the majority
of catalysts work through a thermal mechanism where, after heating, the catalyst
uses the thermal energy that is gained to catalyze the reaction toward the desired

product, there are alternatives that present better selectivity and energy efficiency.*°
Heterogeneous vs homogeneous catalysis

Catalysts can be divided into homogeneous and heterogeneous.
Homogeneous catalysts are named based on their presence in the same phase as
the reactant and product, while heterogeneous catalysis tend to have their activity in
a yet not fully understood interfacial facet, between multiple phases. Figure 1.8
shows the main difference between the homogeneous and heterogeneous catalysts.
In heterogeneous catalysis the reactant interacts with the catalyst usually supported

on a solid surface. 3!
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A) Homogeneous B) Heterogeneous
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Figure 1.8: Simplified representation of a homogeneous catalytic reaction and a
heterogeneous catalytic reaction, as described prior to the works of Scaiano®! and his
contemporaries.

Though this classification is still largely used in the literature, there are
aspects that include exchanges between the catalyst and different phases that are
simply not taken into account by it. A heterogeneous compound may for instance
leach out a homogeneous species, that once in solution fulfills the role of catalyst. In
this scenario, was the catalyst the homogeneous species released, or was it the
heterogeneous particle that generated it? Scaiano®! investigated such scenarios,
and described three of these particular exchange scenarios as: i) heterogeneous to
homogeneous, such as the one previously explained; ii) homogeneous to
heterogeneous catalysis, where the homogeneous catalyst forms an insoluble
nanostructure complex that possesses the capabilities of a heterogeneous catalyst;
and iii) heterogeneous to homogeneous and back, where the heterogeneous catalyst
releases the active catalytic species that after the catalysis are deposited back on

the surface of the catalyst. Figure 1.9 illustrates these three models.3!
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Figure 1.9: Representation of three types of heterogeneous catalysis, with R being a
reactant and P representing a product.

One of the greatest advantages of using heterogeneous catalysts is the ability
to separate and reuse them, making the process more economically and

environmentally friendly, desired attributes of Green Chemistry.

Nanocatalysis and Photocatalysis

For a catalytic process to become industrially viable, and thus advancing the
current sustainability agenda, it must be optimized so that the reaction in question
may happen in as little time as possible, with high yields and, especially, high
selectivity. Through mechanisms previously discussed, NP-based catalysts have
become highly sought-after solutions to modern industrial processes, currently being
largely employed in the pharmaceutical industry. 32

To scale up a process, it becomes necessary to employ catalysts with high
turnover frequencies, meaning the frequency with which substrates attach, react,
and detach from an active site of a catalyst, so that a maximum amount of substrate
is being converted in a short amount of time. Nanomaterials, with their high surface
areas, have the capacity to reach much higher turnover frequencies than materials
in bulk.

Another relevant concept that modifies the properties of a compound reduced

to its nanometer dimension is the splitting of its energy bands into discrete
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conduction and valence levels. These discreet levels may increase the chance of
electronic exchanges to happen, providing nanocatalysts with a unique electronic
band structure, and by consequence, unique properties. This electronic band

difference is shown in Figure 1.10.3233

Bulk material
(metal)

Nanomaterial Atom

unoccupied

)

occupied

EFermi

Energy

Density of state

Figure 1.10: Representation of electronic level differences between a bulk material, a
nanomaterial, and an atom. Formation of discreet energy levels is represented by vertical
lines breaking down single larger energy levels in the nanomaterial.

Photocatalysis is a more specific application of catalysis. As previously
mentioned, most catalytic materials have their activity as a response to heat as a
source of energy, while photocatalysts function as a response to light irradiation. The
typical photocatalytic reaction starts with the absorption of light by the catalyst,
incurring in the excitation of the PC, represented by the promotion of an electron
from ground energy state into an excited (higher) energy state, and generation of an
“electron hole” where it previously occupied.3437.

By understanding the advantages and potential impact that the use of
photocatalysis may have on highly energy consuming industrial processes, we may
understand the necessity to explore this avenue, even in challenging reaction

systems such as lignin valorization.
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1.6 Instrumental analytical methodology

From the diverse methodologies available, standouts in the characterization
of lignin valorization reactions, for both products and starting materials, include
Nuclear Magnetic Resonance (NMR), Gas Chromatography coupled with either
Mass Spectroscopy or Flame lonization Detector (GC-MS/FID), High Performance
Liquid Chromatography (HPLC) and UV-Vis Spectroscopy. On the catalyst front,
important characterization techniques add to the list both Scanning and
Transmission Electron Microscopy (SEM/TEM),

UV-Vis Spectroscopy

UV-Vis spectroscopy is an analytical technique that uses a beam of light with
known intensity to measure the absorbance/transmittance of a material at a
predetermined wavelength. In short, the beam crosses the sample on its way to a
detector, and the difference between the initial emitted light and the detected
intensity of the beam are measured. The absorbance is then calculated by the

following equation.
A = -log(T) (1.2

Where T is the transmittance, as described previously as I/lo, or the quotient
between the emitted beam before contact with the sample (commonly in a cuvette)

and the beam that reaches the detector after going through the sample.

Since lignin has several light-absorbing functional groups in its structure, and
some of the monomeric products of lignin valorization reactions have their own
characteristic light absorbance, UV-Vis spectroscopy can be used to great effect for

the analysis of these reactions.

UV-Vis spectroscopy is also commonly used as a module of other systems,
such as HPLC, which allows for the characterization of different products being

separated, in a qualitative and potentially quantitative manner.
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To determine the concentration of an analyte in solution, the Beer-Lambert
Law can be used, as it describes the relationship between absorbance and the

concentration of a sample as shown in the following equation:
A =c¢cl (1.2)

Where “A” is the absorbance (optical density), € (epsilon) is the sample
specific constant in M-tcm?, “c” is the sample concentration (in M), “I” is the cuvette’s
path length in cm, meaning the distance that the beam of light has to travel through
the sample. When analyzing a UV-Vis spectrum, and based on the Beer-Lambert
Law, we can positively correlate the height of a particular absorption peak to the

concentration of the sample.

Nuclear Magnetic Resonance

NMR interpretation is a key factor in the elucidation of molecular structures
and has special importance in lignin studies. In short, NMR is an analytical method
through which the spin of the nucleus of an atom is manipulated by an external
magnetic field and short radio frequency pulses, and the variation on the applied
magnetic field is captured and converted into information on the chemical
environment surrounding the spin. We may simplify the concept of spin as being a
type of angular momentum, characteristic of subatomic particles, that generates a
magnetic dipole moment. Whenever there are no external forces acting upon it,
namely a magnetic field, this magnetic dipole is oriented randomly. In the presence
of a magnetic field, however, a magnetic dipole moment may align with or against
the magnetic field. A lower energy spin will align with the magnetic field as the base
energy, while a spin at higher energies will align opposing the direction of the
magnetic field. The NMR spectrum is acquired by matching the gap in energy
between these two states with the absorption or emittance of a wavelength of a
specific radio frequency, and that matched signal/frequency is then measured in

terms of intensity and translated to a spectrum. (43-47)
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Proton NMR, also referred to as *H-NMR, has been used to characterize
lignin, but by using carbon NMR (33CNMR) one can obtain a greater resolution for
quantitative studies*®. For example, 'H-NMR spectra are generally measured over a
spectral width of 10-15 ppm while 3C-NMR is measured with a spectral width of 0-
200 ppm. There are certain disadvantages as well with 3C-NMR, such as low
isotope sensitivity and low natural presence of the 3C isotope, so obtaining a good
spectrum requires longer experimental times. Carbon NMR has been used to
characterize lignin since the 1980's, and since model compounds and protolignin
studies have been studied extensively at this point, several modern and detailed

chemical shift assignment tables are available to characterize lignin. 4347

Gas Chromatography

Gas chromatography (GC) is an analytical separation technique used to
characterize volatile substances in the gas phase. During experimentation, samples
that have been dissolved in a solvent are vaporized without decomposition and are
passed through a heated column by an inert carrier gas. The carrier gas serves as
a mobile phase and the interior surface of the column is coated with a stationary
phase that interacts with the analytes resulting in characteristic elution times. based

on their mass and charge.

Gas Chromatography-Mass Spectroscopy (GC-MS)

GC-MS is an analytical method that combines the aspects of gas
chromatography with mass spectrometry, acquiring benefits from both. Identification
of samples is possible in this equipment by both the retention time, when compared
to an internal standard, but also by their mass spectrum. A mass spectrometer
ionizes sample molecules, usually to cations, and separates them by external
electric and magnetic fields based on their mass and charge. Combining these
techniques, it is possible to identify unknown samples, which is a key aspect of the
technigue when applied to complex systems such as lignin valorization reactions and
technical lignin extractions. This equipment also uses a capillary column of around

0.25 mm in diameter, as opposed to a column packed with a stationary phase.”” "8
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Gas Chromatography-Flame lonization (GC-FID)

Similarly to GC-MS, the gas chromatography section of GC-FIDs works much
the same way, with some minor differences in the case of the equipment for the
Scaiano Group, though those at this time are not relevant to the present work as

they pertain to functionalities not used in the present account’s experiments.

An FID is a common detector, especially in quantifications of fine chemicals
that are volatile enough for gas-chromatography systems. During the operation this
type of equipment, the carrier gas leaving the column is mixed with hydrogen, and
the combination of eluting compounds is burned by a flame, surrounded by air and
an oxygen-rich environment. One in every 10,000 organic molecules present in the
mixture is then converted into a gas-phase ion. Detection is dependent on the
formation of these organic ions, as these are detected by a collector electrode
positioned just above the flame. Using the mass of carbon delivered to the detector
and the magnitude of the current generated, a signal is obtained. This signal is then
used for the detection and quantification of organic compounds eluting from the
column.®

Some of the advantages that can be cited from FID systems is their relative
ease of use, as well as being able to be tuned to give little to no signal for common
carrier gases, such as He, Ar, or Nz, or typical contaminants in such gases, like Oz
and Hz0. It must be pointed out, however, that FID is a destructive technique, though
in applications such as the one from the present work, the volumes of samples
available render this point quite irrelevant, but other applications might have a more
limiting implementation based on this factor.

High-Performance Liquid Chromatography (HPLC)

Liquid Chromatography is a type of chromatography in which the mobile
phase is a liquid, and separation is based on the distribution of chemicals between
a liquid mobile phase and a stationary phase, through a variety of mechanisms.
HPLC is a more recent addition to the methods derived from Liquid Chromatography
(1960s), achieved by innovations on the instrumentation and production of smaller,

more stable, and more efficient supports/columns. This analytical technique is
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commonly used for routine chemical separations and analysis methods in modern
laboratories. Due to its ability to be automated as well as significant advances in the
limits of detection and generation of narrower peaks, compared to traditional LC
methodology, HPLC became an important and versatile technique over the last 60

years.?®?

Of significant importance for the present work is size-exclusion
chromatography (SEC), which is an LC technique that separates chemical
compounds based on their size. In short, the stationary phase used is a porous
support, possessing an inert surface and a range of pore sizes that are similar to the
sizes of the compounds that require separation. As a sample travels through a
column that contains this support, smaller components may enter all or most of the
pores, while larger components may enter only a few or none of the pores. This
results in a longer trajectory for smaller compounds, and a more direct pathway for

larger molecules, causing separation, and a comprehensive elution distribution.

In size-exclusion chromatography, the choice of mobile phase is dependent
on solubility of the desired analytes in the media, as well as stability of the column’s
support. Common mobile phases are water, in the case of polar solvents, or
tetrahydrofuran, when apolar solvents are necessary. It is also common to have
small fractions of the opposite type of solvent in the mobile phase, especially in
complex analytes, where not all compounds may be easily carried by the same
solvent polarity. The stationary phase on the other hand is solely based on a physical
difference in the range and volume of pores available to the solutes. This means
that, different from common LC methodologies, there is no weak or strong mobile
phase. This makes the choice of the mobile phase more relevant, as this is the main

mechanism through which to affect the elution process of the analyte.

When either water or a predominantly aqueous mobile phase is used for SEC
(commonly making use of carbohydrate-based supports, polyacrylamide or diol-
bonded silica or glass), this particular methodology is often called gel filtration
chromatography. In the case of the present work, however, a predominantly organic

phase was used as the mobile phase, consisting of tetrahydrofuran and a small
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percentage of water, and in this case polystyrene is the most common support, and
the size-exclusion method is then referred to as gel permeation chromatography
(GPC).BZ‘ 83
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Chapter 2 Valorization Reactions for
Technical and Protolignins

21 Introduction

Lignin valorization technology and research has evolved over the years in
tandem with progress made in the understanding of the structural characteristics of
protolignins. Formerly, branched statistical representations were the main existing
method to represent lignin’s structure, given that only through harsh extraction was

analysis of its structure possible.13: 6
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Extraction, though, has an inherent bias and produces modified monomers
with only hints of how they may have fit together in a larger structure. The
development of 2D NMR techniques provided certain leaps in the comprehension of
the unaltered structure of lignin, also called protolignins, and provided a pathway to

a more linear comprehensive structure of these macromolecules.'

Biofuel Potential

Conversion of plant biomass into biofuel is a broadly sought-after goal that
has the potential to reduce the carbon footprint of fossil fuel usage. Another less
discussed benefit is the material availability and its effects on the circular economy.
Exploration and refining of fossil fuels has been largely only accessible to a limited
number of very large companies due to large upfront costs of remote and deep-sea
oil extraction operations, and limited number of viable sources for it, which limit its
impact on local economies. Biofuels on the other hand can not only be produced
from renewable sources, but the feedstocks for its production are available through
agricultural means to a much larger subset of the world’s populace. This means that,
once the technology evolves to the point of achieving competitive costs to produce
biofuels, even smaller communities may have access to biorefining, flattening the
pyramid of wealth distribution and directly affecting the entry of communities in the
Global Circular Economy.8 28

Going into detail as well as to why the so-called second-generation biofuels,
such as the ones produced with lignin, are so important, first we must understand
briefly the issue with first generation biofuel. Within the biofuel landscape, one
potential hurdle has been the controversial use of food products to produce fuels.
Even when the most important food products are not directly being used, such as
corn and sugarcane, many farms and plots that once produced food are being
converted into soy plantations, for instance, due to the ease of production and high
value-added materials that can be extracted, while not easily complementing the
local food needs of the populace. Lignin is a strong contender to solve this issue,

since its presence in the food and general agricultural waste materials, it makes it
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possible to produce biofuels without altering local crops and crop rotations, which
are crucial especially for small markets.19-21:29

The broadening of lignocellulose applications in the biofuel space, and the
optimization of integrated biorefinery processes and reducing the carbon footprint
from fossil fuels is of vital importance. 2°-23, Cellulose is a material already present in
the bioenergy field and is the most abundant component of lignocellulosic biomass.
Despite this, the presence of lignin impedes direct utilization/conversion of these
macromolecules into useful biomaterials, due to the recalcitrant nature of the
hemicellulose-lignin matrix, with good reason, as this is a structural mechanism that
helped plant life thrive and exist in many harsh conditions.?>26 This is the origin of
several pre-treatment methodologies that seek to solubilize and degrade this stable
matrix, increasing the access to cellulose and providing better pathways for
subsequent chemical processes. As these methods are employed to remove the
recalcitrant barrier and obtain cellulose, the recovery of intact structures in the lignin
biomass complex has not been a priority, meaning they may be very harsh and
destructive. These common methods used include steam explosion, dilute acid and
organosolv pre-treatments, among others.'%?* Regardless, all of these extraction
methods produce an aqueous effluent predominantly enriched with degraded
hemicellulose and lignin oligomers. In addition, other components such as partially
broken units of amorphous cellulose, and other furan-based materials may also be
present.35:36

As previously discussed, the aforementioned effluent fractions containing
residues of cellulose extraction are typically either discarded, burned for energy, or
used as animal feedstock, which are all very low value applications of a potentially
valuable material. There are also currently little to no commercial uses, save from,
as mentioned, an animal feedstock bulking agent.® This is where two major new
strategies come into play, and the place where a lot of the present research finds its
purpose, those being divergent and convergent pathways for lignin biomass
valorization.®® In short, divergent and convergent valorization strategies are
characterized by the application of reactions on these complex systems to generate

either one or very few major products (convergent strategies), or to generate a
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mixture of several products that can either be separated later, or used as a mixture.
One simple example of divergent methodology is the complete conversion of
lignocellulosic biomass into a mixture of alcohol molecules, that can be used as a
bio-sourced combustion fuel.3 In contrast, an example of convergent strategy for
lignin valorization is the use of selective catalysis and photocatalysis for the breaking
of 3-0-4 lignin bonds to obtain high yields of major lignin monomers. Either way, the
chemical or bioconversion of industrial waste into biodiesel and second-generation
ethanol as commercial products presents an interesting potential, which may enable
the enhancement of the cost-effectiveness for new and existing integrated
biorefineries.

Cosmetics Applications

Applications of lignin in cosmetics have gained importance in the last 5 years,
as the predominance of inorganic compounds such as TiO2 and ZnO in sunscreen
products grew, due to their high UV light absorbance and limited effect on the

biosphere of species, such as coral reefs and other sensitive environments.

2.2 Challenges of Protolignin and Technical Lignin Valorization

For the purposes of this section, the focus will be on specific challenges and
limitations faced when attempting a photochemical or photocatalytic method of lignin
valorization, based on the nature of the present research account. The present work
aimed to achieve protolignin and technical lignin valorization through photocatalytic
methods, with the primary intent during its inception to have a heavy focus on the
use and experimentation with lignin in the most unaltered or native forms available
as an industrial side product. It was our goal to avoid the trappings of a primary focus
on molecular models and the expectations that come with high levels of efficiency in
reactions of that nature. An environment with real lignin presents a unique
combination of challenges that are hard to replicate in a molecular investigation of
the photocatalyst’s efficacy, such as many pathways for side reactions, radical

scavenging, competition for light absorption, adsorption of the catalyst,
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repolymerization of products, and inconsistency in quantitative results stemming
from lack of homogeneity in lignin structure. 242°

These issues were not accounted for in early stages of experimentation from
the present work, as specific issues with photochemical reactions in the lignin
valorization field were scarcely discussed in the literature reviewed at the time, and
only over the course of the last few years did these issues, and with it the strategies
to overcome them, became more prominent. Accompanying the results to come will
be accounts of strategies that we developed to deal with some of the limitations of
photocatalytic lignin valorization and added to those will be other strategies found in
recent literature that could supplement future attempts at these experiments, found
unfortunately too late to inform our own attempts at it.24-27

Much of the early experimentation was also developed as a reaction to the
approach often seen in the literature, where lignin is cited in the title of the paper,
then never actually experimented on throughout, usually by using molecular model
compounds with claims that the representation of a specific bond breakage within
lignin on an isolated compound was enough to show the efficiency of a catalyst or
method to achieve lignin valorization itself. Upon encountering enough of these
examples and observing how much of the advertised efficiency was lost upon
experimentation with actual lignin, sometimes showing no activity at all, we decided
on a “lignin first” approach, attempting to observe activity by the formation of different
products of a select number of photocatalysts, under different light and solvent
conditions. The intent was then to bring the results of our findings to the molecular-
level investigations afterwards, once one or a few combinations of conditions proved
somewhat successful, so that the molecular model approach could elucidate
reaction pathways to better optimize lignin conversion.

A core issue that must be highlighted in several lignin extraction/valorization
reactions is the stabilization of intermediates for maximizing phenolic monomers.
This has been an increasingly studied topic in the past few years, as lignin-first and
technical lignin valorization reactions, especially for biofuel applications, have gained
significant attention. Both basic and acidic conditions generate opportunities for

condensation pathways during extraction and valorization reactions for lignin and
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lignin extracts. In both cases, the benzylic position is a key source of condensation,
though the processes are slightly different depending on the conditions. Under acidic
conditions, the carbocation is favorably generated due to delocalization of the
positive charge on the aromatic ring.*® The difference observed in basic conditions
Is the generation of quinone methide via delocalization of the negative charge
through the aromatic ring up to the elimination of the benzylic hydroxyl. What both
conditions have in common is a secondary step where the electrophilic benzylic

carbon is attacked by nucleophiles, forming condensed C-C or C-O bonds.1#15
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Figure 2.2: Pathways of lignin condensation under acidic and basic conditions. Reproduced
from Liu, X., et al. (2020). Reproduction of material allowed under the Creative Commons
license.

2.3 Experimental methodology

Materials and Chemicals

Lignocellulose and lignin samples were a gift from FP Innovations in a single

batch to avoid inconsistencies. Unless stated otherwise, all chemicals were
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purchased from Sigma-Aldrich and used as received without further purification.
Agueous solutions were prepared using 18.2 MQ cm Milli-Q water obtained from a

Millipore System equipped with a 0.22 um filter.

2.4  Experimental Procedures

Soxhlet extraction of wood and lignocellulose

Sugar maple sawdust has a theoretical chemical composition of 10 to 25%
lignins, and 70 to 85% sugars, on a dry weight basis. The dried powder of the
different powders of lignocellulose were subjected to Soxhlet extractions in order to
concentrate fractions that are more soluble in certain solvents. In short, the Soxhlet
extraction was performed by placing the dry powders of different lignin sources,
individually, in thimbles, and placed inside a glass apparatus known as a Soxhlet
extractor. From a round-bottom flask, a solvent is heated to its boiling point, and
recondensed inside the glass section containing the permeable thimble. This section
is filled over time, extracting fractions of the powder that are soluble in the solvent
used, while the insoluble material is contained inside of the thimble. The solvent
eventually is drained back to its original container, where it starts to heat up once
more to repeat the process, increasing the concentration of soluble material

extracted with each cycle.

Extraction with the Soxhlet apparatus was performed using different solvents
such as ethanol, acetonitrile, and chloroform, among others to assess the abundance
of different organic compounds that may be obtained in each, and the rate of removal
or certain key fractions, be that lignin by-products or otherwise. For the conditions
used in these experiments, 200 mL of the solvent were placed in a round-bottom
flask, while 2.5 g of the sample material was added to the thimble. The samples were
either protolignins obtained from extracts of the lumber industry, or wood powder
obtained from sanding the cross-sectional surface of the stump a freshly cut maple
wood tree. The extraction thimble used in the first two experiments (noted in the
tables as such) were made of paper, and all subsequent experiments were done

using thimbles made of glass fiber. The thimble is then placed inside the Soxhlet
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apparatus, and the solvent is made to reflux for repeated cycles of extractions. The
duration of the experiments was investigated based on the retention of important
fractions in the extract, and ranged from 20 to 46 hours, after which these extracts

are separated from the solvent by rotary evaporation under vacuum.

Organosolv Extraction

Organosolv pre-treatment was done following previously published
methods?®. This extraction methodology is generally used to obtain mixtures of
compounds including lignin structures that are more readily soluble in organic
solvents. This is done to facilitate experiments that include catalysts and other
conditions that require the absence of water. For this experiment, the crude
powdered materials are placed in a round-bottom flask with a reflux apparatus
attached above. To the powders in the flask, a mixture containing EtOH at a 65%
concentration by volume and 0.76 dry weight percentage of H2SO4 is added. The
ration of biomass to be extracted to solvent is of 1 to 8 in weight. The mixture obtained
is heated to 170 °C for 1 hour under gentle stirring. This process allowed for the
separation of a cellulose-rich fraction, which was kept separate for future
experiments that could require such materials, and a lignin-rich and organic solvent-

soluble fraction was obtained and safely stored for use in the present work.

Dioxosolv Extraction

Dioxosolv extractions of protolignins and wood extracts was also performed
based on adaptations of previously published methodologies.'” To start, 10 g of
lignin-rich powder is dissolved in 120 mL of a 9:1 dioxane/water mixture containing
0.1 M of HCI. The resulting slurry is placed under reflux and gentle stirring for 30
minutes to 1 hour, followed by neutralization of pH to 6-7, and roto-evaporation of
the resulting mixture. The solid obtained is then added to 400 mL of cold Milli-Q water
and placed in a freezer for 3 h. The resulting precipitate is then collected by
centrifugation and dissolved in a minimum amount of 9/1 (v/v) acetone/MeOH
mixture. This mixture is added dropwise to 10 equivalent volumes of diethyl ether
while being rapidly stirred. Vacuum filtration of the mixture provides a final precipitate,

which is then dried under vacuum.
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NMR spectroscopy of lignin

NMR analysis of lignin molecular models (BK and BA) as well as precursor
compounds and select depolymerization mixtures was carried out in a Bruker
Advance Il 400 MHz NMR or Bruker AVANCE IlIl HD 600 MHz spectrometer.
Experiments were performed at room temperature, solids were dried under vacuum
to eliminate prior solvents, then a small sample was combined with one of three
deuterated solvents, these being DMSO-d, chloroform-d or D20. For higher
resolution 1H-NMR and 13C-NMR spectra of protolignin and technical lignin, as well
as 2D NMR analysis, 200 mg of each lignin sample was combined with deuterated
dimethylsulfoxide (DMSO-ds, 600 pL) in a sealed vial with a small stir bar and left
overnight under gentle stirring and heating at 40°C. NMR data were processed using

TopSpin 2.1 software (Bruker BioSpin).18-22
GC-MS and GC-FID

Quantification was carried out in a Perkin Elmer, Claurus Gas Chromatograph
coupled to a Flame lonization Detector (FID) and a DB-5 column (30 m length, 0.320
mm diameter, 0.25 um film) using Helium as a carrier gas and using tert-butyl
benzene as an internal standard. A standard curve was prepared with either the
components of the molecular model breakage reaction, or in the case of lignin
valorization reactions with several molecules chosen as stand-ins for their chemical
similarities to obtained compounds. For identification of depolymerization fractions
and other quantification processes, mass spectra were collected in an Agilent 6890-
N Gas Chromatograph with an Agilent 5973 mass selective detector calibrated with
acetophenone, using again t-butyl benzene as an external standard

FT-IR spectroscopy of lignin

FT-IR spectra were obtained using a Thermo Scientific Nicolet 6700
FTIR/ATR spectrophotometer equipped with a Smart iTX diamond/ZnSe universal
attenuated-total-reflection (ATR) sampling accessory. Spectra were obtained in the
650-4000 cm™! range and for each sample 16 scans were taken at a resolution of 4

cmt?
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Transmission Electron Microscopy (TEM)

TEM analyses were carried out on a JEM2010F microscope (JEOL, 200 kV,
0.14 nm resolution). Samples were prepared according to established protocol, by
dipping carbon-coated copper grids in the sonicated suspension of the material. The
digital analysis of the TEM images was done using ImageJ.

TGA analysis of lignin

Thermogravimetric analysis was carried out using a TGA Q5000 from TA
instruments, from ambient temperature to 550 °C, at a heating rate of 10 °C/minute
and under a constant nitrogen flow of 25 mL/min. Data were analyzed with Pyris

version 7.
UV-Vis spectroscopy

UV-visible Spectroscopy (UV-VIS) absorption spectra were recorded by a
CARY 100 UV-Vis spectrometer and a Cary 7000 UV-Vis spectrometer.

Catalyst preparation

Synthesis of metal nanoparticles supported on TiOz2, Nb20s and Nb3O20Ps was
done using similar photodeposition methods as previously reported by the Scaiano
group?®. As an example of the methodology used for these, the methodology for the
complete synthesis of the PA@Nb20s catalyst will be specified, and the differences
for the other catalysts will be remarked on when necessary. In short, 500 mg of the
support material, in this case Nb20Os, is placed in a round-bottom flask. The mass of
salt containing the intended supported metal, in this case PdCl2, that needs to be
used to obtain the intended loading has been determined in previous experiments,
and in this case, 22 mg of the salt was used. A photo-activator in necessary in this
case for best coverage and loading results, based on previous findings, so 24 mg
Irgacure-2959 were dispersed into a solution of 200 mL of Milli-Q water, added to
the flask with the support and the metal salt. The afforded mixture is then purged
with Ar for 15 minutes and sonicated in a bath for 10 minutes. The mixture was then

placed in a photoreactor equipped with 14 UVA bulbs, where it is irradiated for 5
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hours with moderate stirring. The resulting brown slurry was filtered and washed with
Milli-Q water and EtOH three times to remove any unreacted PdCI2. In the case of
catalysts supported onto TiO2, washing of the catalyst was done usually by
centrifugation, since the support (P95 TiO2) may have partial losses seeping through
regular laboratory filter papers. In all cases, the following step was placing the
washed catalyst in a desiccator under vacuum overnight to dry. Characterization of
nanoparticles obtained by this method has been previously done in the Scaiano
group by TEM, XPS, ICP-EOS and DRS. The loading of Pd onto TiO2 supports was
found to be 2% metal loading (w/w) and particles were ~1.6 nm in size, and a
comparable loading was found for Pd loading onto Nb-based supports with this

method.
25 Results and Discussion

Unless specified, the terms “water” and “H20” used throughout refer to 18.2
MQ cm Milli-Q water obtained from a Millipore System equipped with a 0.22 ym
filter. Hinton A lignin and FP lignin both refer to the same source and batch of
protolignin, donated to us by FP Innovations from pine lignocellulosic extractions.
The term “small molecules” is used in the context of this work to refer to materials in
the range observable through our GC-MS equipment, and examples of such can be
found in Figures 2-12 to 2-17. This is used in contrast to larger compounds outside
of this range, which can be comprised of dimers and trimers of benzylic compounds,

and polymeric materials, such as lignin and sugars.

Selection of starting materials

A selection process was used on the available technical and protolignin
samples obtained from Sigma, and Hinton A lignin samples gifted from FP
Innovations to determine the best fit for the experiments and type of valorization
reaction that the present work focuses on. The main methodology chosen for this
selection was the use of HSQC 2D NMR spectroscopy, as described in the previous

section.
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The results from the selection process were based on the observations shown
in Figure 2.3, where in the region corresponding with the resonances of C-H bonds
from 3-O-4 carbons was the determining factor. Higher concentrations of both a and
B resonances were seen in red and azure blue, placed closer to the expected signal
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Figure 2.3: HSQC NMR spectra of the four protolignin samples in contention as the subject
for our experiments. The red/light blue spectra correspond to Hinton A lignin, the dark
green/navy spectra are from HW lignin, the light green/purple spectra are from K31 lignin,
and finally the azure blue/brown spectra are from ZHL lignin.

Stronger signals in the labelled regions indicate higher concentrations of (3-
O-4 containing moieties, which is ideal for the type of breakage intended with the
current host of catalysts and photochemical procedure planned for the present work.
With that, the two candidates were Hinton A lignin and ZHL lignin, and the deciding
factor was the solubility of both in organic/aqueous solutions, which made Hinton A

the preferable choice.
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Technical Lignin Extraction

Following the extraction methods previously discussed, analysis of the
samples post-extraction consisted of GC-MS of the soluble components, HPLC with
a size exclusion (GPC) column to estimate size distribution of the compounds, and
UV-Vis spectroscopy of each sample to compare the absorption spectra of the
obtained material to that of known spectra from organosolv lignin samples found in

the literature.

Figure 2.4: Soxhlet extraction setup for lignin and raw wood samples. A paper thimble is
shown on the right-side picture, as this was an early extraction example, while on the left
the setup is equipped with a glass fiber thimble.

First extractions were done using 200 mL of ethanol as the solvent, as it is
very commonly used to obtain organosolv fractionations of lignin, with 2.504 g of
Hinton A lignin inside of a paper thimble. The extracting solvent cycled through the
sample every hour, and extraction was done initially for 25 hours, though an aliquot
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was taken at 20 h for analysis. The UV-Vis spectra of the sample obtained is shown

in Figure 2.5.
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Figure 2.5: Absorbance spectra from aliquot of technical lignin extract, from a Hinton A
sample, after 20 h under Soxhlet reflux with EtOH. Absorption band at 280 nm is common
for lignin fractionation samples.

The first sample obtained showed no small molecules when analyzed by GC-
MS, and the yield of organosolv lignin was approximately 30%, with a final mass of
0.830 g of dry lignin obtained from this initial extraction.

After Soxhlet extraction and prior to analysis, this sample was evaporated with
a rotary evaporator at room temperature and separated into three portions. The first
one third of the sample was analyzed unaltered while the second was dissolved in
15 mL of HPLC-grade AcN, though some precipitate remained in the vial. This
second portion was then filtered, and the filtrate set aside. The solids that remained
in the filter paper were then washed with MeOH. Each fraction was analyzed by UV-
Vis, as shown in Figure 2.6. The difference between samples is lower in terms of
absorption than the figure may imply, given that the separation in the baseline is

most likely due to experimental differences. Though subtle changes in the
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absorbance around 240 nm might still indicate a populational difference in

chromophores, the absorbing groups are largely similar.
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Figure 2.6: Soxhlet extraction of Hinton A lignin, in three different fractions. Yellow
represents the unaltered extract from ethanol when resolubilized in EtOH. The red line
indicates acetonitrile-soluble compounds from the obtained solid mixture, while the blue line
indicates methanol-soluble compounds.

The nomenclature that will be used for each extract from this point forward,
including all of its subdivisions, will be based on the extraction method and instance,
meaning a sequential numbering starting with the very first extraction, while
specifying which fraction if refers to when necessary. This extract thus far discussed
shall then be referred to as “Soxhlet1”, or “Sox1” if an abbreviation is necessary.

Following this result, an extraction using 100 mL of acetonitrile with 2.515 g
of Hinton A lignin in the Soxhlet system was performed, followed by another with 100
mL of chloroform and 2.504 g of Hinton A lignin. The results for all three extractions

are shown in the Table 2.1.

Table 2.1. Summary of initial Soxhlet extractions using paper thimble and different organic
solvents

Solvent Name Lignin Initial mass Final mass Yield
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EtOH (200 mL) ‘ Soxhletl Hinton A 2.504 g 0.830g 30%
AcN (100 mL) ‘ Soxhlet2 Hinton A 2515¢ 0.179¢ 7%
CHCIs (100 mL) ‘ Soxhlet3 Hinton A 2.504 g 0.447 g 18%

Based on our analysis of the literature, and results from this section, we
addressed unextracted Hinton A lignin to be a protolignin, based on the profile
obtained from the extractions, which will be further explained in this section, but in
short, this material’s extract yield was equivalent to one done with protolignins, while
technical lignins would be expected to have slightly higher yields, based on their
already selective structures.

One issue that was identified with these early extractions was the possibility
that the paper thimble could be leaching compounds that could easily be mistaken
for lignin extracts, given the cellulosic nature of paper. Other issues could be the
adsorption of small molecules onto the thimble paper, based on chemical affinity,
which could generate inconsistent results for the extractions. To address this issue,
we acquired glass fiber extraction thimbles (30 mm x 100 mm, NO86R from
Advantec), which also allowed us to use a larger mass of lignin to start the extraction.
Out of the three solvents used for extractions thus far, AcN was the one with the
most selective profile of products, as well as having other desirable characteristics,
which will be discussed further into the present work. Hence, AcN extractions were

used for follow-up batches with the new glass fibre thimbles.

Table 2.2: Follow-up extractions using acetonitrile and glass fiber extraction thimbles

Solvent Name Lignin Initial mass Final mass Yield
AcN (200 mL) ‘ Soxhlet4 Hinton A 10.0 g 0.60 g 6%
AcN (200 mL) ‘ Soxhlet5 Hinton A 10.0g 0.61g 6%

Technical lignin samples obtained by this method are a dark brown color, as
opposed to the light brown of the original protolignin used. Figure 2.7 shows the color

difference between the two lignin samples.
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Figure 2.7: On the left: Hinton A protolignin obtained from FP Innovations; on the right:
extracted technical lignin via Soxhlet4, with AcN.

Another technical lignin extraction performed was the dioxosolv-lignin
extraction process, which is widely used in the literature since it is known to generate
more water-tolerable fractions of lignin, and also to carry the least number of small
molecules through the extraction procedure, facilitating the quantification of
products. Upon analysis of the dioxosolv lignin extract by GC-MS, more thorough

washing steps were taken since many reactants from the extraction itself were

observed.
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Figure 2.8: Absorbance spectra from technical lignin extracts of different batches and
dioxosolv lignin
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In an attempt to achieve a similar result as the dioxosolv lignin extraction, but
using the Soxhlet extraction methodology, an extraction by Soxhlet with water as the
solvent was conducted. The results demonstrated a much lower yield of technical
lignin, comparatively to both the dioxosolv method and the organic solvent based

Soxhlet extractions, as can be seen by the UV-Vis spectra in Figure 2.9.
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Figure 2.9: Absorbance of samples obtained from Soxhlet extraction of Hinton A lignin. Both
extractions were done under the same amount of time, with the same volume of solvent and
initial mass of lignin. Spectra were taken with the same dilution for both samples, meaning
differences in band intensity are due solely to lignin solubility in different solvents.

The last material used for obtaining technical lignins was a washed sawdust,
obtained by using a belt-sander on a stump of freshly cut sugar maple tree (Acer
saccharum). The homogeneous fine and light-brown powder was used both as a
secondary protolignin source, and extracted for the production of technical lignins,
through the same processes shown previously, including dioxosolv and Soxhlet
extractions. Figure 2.10 shows the source of the sugar maple sawdust and the large

batch of powder obtained, for continuity purposes.
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Figure 2.10: Top left image shows maple tree stump, minutes after cutting. Bottom picture
shows belt sander being used to obtain the sugar maple protolignin powder: Top-right:

Technical Lignin Valorization

Starting with the technical lignin obtained from Soxhletl (EtOH, 200 mL), an
initial test into the effects of a known photocatalyst with the mixture was attempted
to observe the changes in the composition of lignin. Prior to the reaction, in order to
minimize unwanted solids and adjust concentration, 0.25 g of the Soxhletl lignin was
dissolved in 95 mL of AcN, filtered and analyzed by HPLC. Reaction was carried out
in a test tube using 2 mL of the extract with a 3 mg/mL concentration of lignin, and
22 mg of TiO2 as the photocatalyst, under air. The light source used for this and
many subsequent reactions was an array of 7 concentrated UVA LEDs, which will
be referred as UVA LEDi (LED illuminator) as per the manufacturer's nomenclature
(LuzChem). The reaction was cooled using a small fan connected to the LEDIi, which
kept the majority of the solution from heating past 30 °C, but the exact site of

irradiation is expected to be a hot spot in every one of these reactions. Temperatures
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were taken using an Etekcity 800 infrared thermometer. Results from the HPLC-MS

from before and after the reaction are shown in Figure 2.11.
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Figure 2.11: HPLC-MS spectra of valorization reaction using acetonitrile-soluble
compounds from Soxhletl mixture, using 99% THF and 1% H»O. Shown in orange is the
extract prior to reaction, and in blue is the product mixture after 2 hours under UVA LEDi
irradiation in the presence of TiO2, under air.

The column used in this case is a normal phase column, instead of the size
exclusion column used in certain analysis from this work. In order to interpret this
data, a few considerations based on the mass spectra obtained must be made.
Firstly, the mass of the compounds released by the column increases in direct
proportion to the time elapsed. Secondly, is that compounds released within up to
the two-and-a-half-minute mark are largely small molecules including monomers of
lignin and other side products, while compound populations observed afterwards
have much higher molecular masses, being compound mixtures of heavy dimers
and trimers of lignans. Based on these parameters and comparing the spectra from
before and after the valorization reaction, we may infer the possibility of complete
conversion of compounds of higher molecular weight, observed from the
disappearance of the peak found between 6 and 9 minutes of elution through the

column. This is expected, as the tendency is that extracted trimers of lignans and
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other structures of even higher molecular weight tend to break down into monomers
and lighter dimers, though since repolymerization pathways do exist, it is a positive
result to observe that compounds within those molecular weights are no longer
present. We do observe, however, that compounds of the smallest molecular weight
previously present tend to become scarcer, and that can be due to a large number
of things, but repolymerization and condensation mechanism come to mind as
possible causes for such loss, as well as the photosensitivity innate to certain small
molecular fractions of lignin generating compounds with lower molecular weight than

this analysis is capable of detecting, possibly eluding within the solvent window.
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Figure 2.12: GC-MS analysis of products from valorization reaction of Soxhletl lignin with TiO, under UV irradiation using a multi-headed
LED illuminator (5 simultaneous UV LEDs). Compound structures estimated by mass spectra using MS library. Orange line represents post
extraction mixture, blue line represents valorization reaction after 2 hours, and green line shows products after 19 hours.
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Figure 2.13: GC-MS analysis of products from valorization reaction of Soxhlet3 lignin with Pd@TiO» under UV irradiation using a multi-
headed LED illuminator (5 simultaneous UV LEDs). Compound structures estimated by mass spectra using MS library.
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Figure 2.14: GC-MS analysis of products from valorization reaction of Soxhlet2 lignin with Pd@TiO» under UV irradiation using a multi-
headed LED illuminator (5 simultaneous UV LEDs). Compound structures estimated by mass spectra using MS library.
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For the purpose of analyzing the contents of Figures 2.11-2.13, we turned to
a thorough look at common lignin monomer structures, linkages, and overall
structure. Our analysis of basic linkages and building blocks, as well as the use of
available commercial compounds, allowed us to either determine or infer a
confidence level to the structures estimated by the GC-MS library of results. Known
lignin products, monomer, monomer derivatives, and confirmed structures by
comparison with commercial standards were highlighted in a green box, and this was
seen more commonly within lower molecular weights, most likely due to instrumental
affinity of the column and detector used to the structures within those intervals.
Molecular structures that were not confirmed but bear resemblance in either
molecular mass or structure to compounds observed within the same range of elution
from the column assessed are highlighted in orange boxes and were mostly used for
estimates of total extraction yields, and not for their individual values. Molecular
structures that were either highly unlikely to be found among lignin extracts, as well
as known additives to wood and lignocellulose processing, meaning they did not
originate from the natural wood extract, are highlighted in red. This last category
included anthraquinone, which was found to be added as a bleaching agent during
wood processing by the company that gifted us with these samples and extracts from
early paper thimbles that were used in lignin extraction.

Based on this initial result and comparison with similar results in the literature,
a calibration curve was devised to calculate yields for the products observed, and
the use of commercial compounds was also employed to verify the estimated results
obtained from the mass-spectrometry library. Based on structures and elution time
of commercial compounds and contrasting them with products from the library of
results, we may access the veracity or at least impart a confidence level to the
structures seen in Figure 2.15 and other associated results.

We chose to focus on a few key molecules to follow in terms of yield and as a
measure to evaluate the success of each catalytic system and extraction.
Determining which compounds to include in said shortlist started with one of the
major compounds to be produced from lignin, 4-hydroxy-3-methoxybenzaldehyde

(vanillin), since it is a compound that is already commercial, and it retains functional
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groups which can be used in platform chemical studies after further processing. In
addition to vanillin, other major products were quantified for most reactions, those
being 2-methoxyphenol (guaiacol), 4-methoxyacetophenone (acetanisole), and 4-
hydroxy-3-methoxyacetophenone (acetovanillone). Acetanisole and guaiacol are
also important since they can be related to one mechanism for the valorization of
lignin commonly studied, which is the B-0-4 bond breaking. This mechanism was
further investigated using of molecular model compound reactions, as will be
discussed in Chapter 4.
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Figure 2.15: GC-MS spectra of Soxhletl post reaction sample, highlighting in orange compounds that were commercially available, in blue
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The next step was to experiment with a few different photocatalysts and
observe which showed better production of small molecule products from lignin
valorization reactions. It was determined as well that experimentation should revolve
around the extract from Soxhlet4 (200 mL of AcN, 10 g of starting lignin for 24 hours)
and from the dioxosolv extraction product, as the former showed the highest yields
of lignin during early experiments, and the latter showed no small molecules in the
extract before valorization reactions. This approach could give important information
on the effects of an expected mixture of small molecules during valorization reactions
with real lignin samples, as well as facilitate yield calculations. Catalysts that were
tested at this time included TiO2, Pd@TiO2, Pd@Nb20s, Nb20s, and NbOPOa.
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Figure 2.16: GC-MS analysis of products from valorization reaction of Soxhlet4 lignin with TiO,. Time zero represented by blue line, while
orange line represents spectra after 2 h reaction. Compound structures estimated by mass spectra using MS library.
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Arranged in Table 2.3 are the calculated yields for the monomeric compounds
found on the Soxhlet4 extraction. This example illustrates the limitation in overall
mass of products obtained based on the initial dry mass of starting material utilized.

Table 2.3: Yield of small molecules observed after Soxhlet extraction without further
reactions.

Soxhlet extraction 4 Vanillin 0.037 1.22
200 ml AcN -

A RS Guaiacol 0.006 0.20
10 mg Hinton A Lignin 4-Hydroxy-3-

YiS/d ~6% wt(3mg/  methoxyacetophenone 0.011 0.36
m

Though some yield of vanillin was achieved from early technical lignin
valorization reactions, a tendency was observed that longer reactions seem to
produce lower yields, and upon closer inspection we observed that phenolic products
obtained were being lost over time during UV irradiation, with or without the presence
of the catalyst.

Experiments were also conducted to determine if the catalyst could cause loss
of small molecular products without irradiation. When run under dark conditions, the
same technical lignin valorization reactions with each catalyst showed small yields,
but also no loss of said products over time. Figure 3.17 shows the loss of major
products from the extracted mixture in Soxhlet4 by light irradiation over time, without
the presence of a catalyst. When the same experiment was done with visible light,
no product loss was observed, which led us to two possible solutions for this hurdle.
The first solution attempted was adapting our reaction system to accommodate UV
irradiation of the catalyst and lignin, while protecting the products from its damaging
effects. This was done through the use of a biphasic reaction system, in which the
catalyst and the lignin would be in a denser solvent, being irradiated, while an upper

phase containing a second solvent would harbor the products of the reaction.
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Figure 2.17: GC-MS analysis of lignin extracts exposed to high-powered UV irradiation using an LEDi (7 LED array). Grey spectrum
indicates compounds prior to irradiation, yellow represents compounds after 30 minutes of irradiation, green and red show remaining

compounds after 45 and 120 minutes respectively.
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The loss of Guaiacol and other chromophores contained in the product
mixture can also be observed by the difference in the color of valorization reaction
under different conditions. This effect can be observed in Figure 2.18, every vial
shown started with the same lignin extract, from Soxhlet4, and reactions were
conducted in acetonitrile, using 22 milligrams of catalyst (with the exception of the
no catalyst control, of course), under air and at room temperature, with the same

UVA LEDi light source referenced thus far.

Figure 2.18: Color difference from irradiation tests under different catalytic conditions,
including controls for no light, and light with no irradiation. See picture for labels.

Visible-Light Reactions for Technical Lignins

Under UV light irradiation, it was observed that several products are lost over
time. Beyond the systems shown previously, attempts at visible-light irradiation
photocatalysis were made as a means to obtain higher yields of products, as it was
observed that under visible light there was little to no loss of major products from the
technical lignin extractions and valorization reactions. For the first battery of
experiments with visible light we turned to heterogeneous photocatalysts with a
semiconductor as a support, and a visible light-absorbing nanoparticulate metal as
the principal catalytic agent, followed by the synthesis and experimentation with two
visible light-absorbing quantum dot species, CdS and CdSe QDs.
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Figure 2.19: Reaction setup for visible light irradiation for technical lignin valorization. Single
LED light at 525 nm, air cooling, using Au@TiO- as the catalyst, in AcN.

Technical lignin yield considerations and results

Besides the already mentioned limitation of light irradiation interacting with
products from the valorization reaction, and side reactions of condensation lowering
the detected final yield by GC-MS, we also identified that much of the vanillin
production from the technical lignins extracted through the Soxhlet methodology can
also be achieved with only the light. Thus, we began adjusting the yield by
subtracting the vanillin yield of the light only reactions from ones achieved with
photocatalysis.

A summary of notable yields and catalysts is shown in Figure 2.20. It does
bear mention as well that these yields will always appear as deceitfully small, but
this is since only a single product is being analyzed, as well as the fraction of the
total mass that can generate quantifiable products is also far lower than the total
mass of lignin used in any given reaction. For context, yields achieved from lignin
experiments in the literature that low percentiles, anywhere from 0.1% to 9% of the
total mass of lignin used, is often considered a good result that, if anything, has
potential to be expanded upon.”#° This is often placed in the context of the thousands
of tons of lignin produced yearly and that go either unused or burned for energy, from

which the production of 0.1% of valuable products is very significant.
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100 mg Dioxosolv lignin 15 mg CdS QDs, Air,

(in 5 ml MeOH) Light, 24 hours
Exp no Light Changes Vanilé(i)z)yield Corr()e/?;add (\g/;i)nillin
1 Visible (400-600nm) - parking lot light No catalyst 0.0015
2 Visible (400-600nm) - parking lot light 0.0060 0.0045
3 Visible (400-600nm) - parking lot light Under N, 0.0015 0.0000
4 Blue LED (465 nm) No C?lt‘:’llls)"sfjn'\gg?ﬁ H:0 0.0000
5 Blue LED (465 nm) MeOH/H20 (1:1), unzder N, 0.0025 0.0025
6 Blue LED (465 nm) Under Nz 0.0037 0.0033
7 Blue LED (465 nm) - 0.0202 0.0198
8 Blue LED (465 nm) AcN (5 ml) 0.1117 0.0803
9 Blue LED (465 nm) No catalyst, AcN 0.0314
10 Blue LED (465 nm) No catalyst 0.0004

Scheme 2.1: Visible light reactions with CdS quantum dots as well as controls, under both
blue LED light, and also using a powerful parking lot light.
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Figure 2.20: GC-MS spectra of Au@TiO, photocatalyzed reaction of dioxosolv technical lignin.
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Protolignin Valorization Strategies

Developed in parallel to the technical lignin experiments shown in the previous
2 sections, protolignin valorization reactions were conducted, both to contrast the
results obtained from the technical lignins, and also to observe new avenues to add
value to lignin that are not necessarily just in the production of small molecules.

Early experimentation involved the use of water as a solvent, and the use of
surfactants combined with niobium-based photocatalysts in an attempt to develop
cleaner and greener lignin valorization systems. Reactions were done using 8
milligrams of Hinton A lignin with no further modifications, with 6 mL of solvent.
Unless otherwise indicated, surfactants were used just under their calculated critical
micellar concentration (CMC). Two surfactants of opposite micelle polarity were
tested early on, centrimonium bromide (CTAB, or Ci9H42BrN) and sodium dodecyl
sulfate (SDS, or CH3(CH,);:;SO4Na), in order to observe which one had the best
contribution to lignin suspension stability in aqueous solution for the betterment of
valorization reactions in water. To assess their effectiveness, two test tubes were
charged with SDS and CTAB separately, while remaining about 1% below their
respective CMCs, then 6 mL of water was added to both, followed by 8 mg of Hinton
A lignin and a magnetic stir bar. The mixtures were then stirred for 30 minutes, and
subsequently observed for another 10 minutes. The mixture containing CTAB
presented the longer lasting suspension and was thus chosen initially as the target

surfactant to be tested.
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Figure 2.21: LED irradiation setup for protolignin valorization reactions.

In a standard reaction, 2.5 mg of CTAB were mixed with 6 mL of Milli-Q Hz0,
8 mg of Hinton A lignin, 20 mg of the catalyst and a magnetic stir bar. UV irradiation
was used with a standard single-headed LED. Reaction vessel, colour and irradiation
setup can be seen in Figure 2.21. Following each reaction, the mixture was
centrifuged, and a sample of the agueous phase was set aside for HPLC-GPC
analysis, to ascertain the size difference of the remaining soluble fraction of lignin.
Following that, to the tube containing the solids and remaining agueous phase after
the reaction, 2 mL of EtOAc was added, and the mixture was left stirring for 30
minutes, after which the organic phase was removed and analyzed using GC-MS
and HPLC-MS. Catalysts tested included NbOPO4, Nb20s, and TiO2. From the
organic extractions analyzed by GC-MS, no small organic molecules were detected.

Reactions including NbOPO4 showed a significant visual difference in the
lignin and solution post reaction, where the previously dark brown solid turned to a

light tan, almost white colour, which seemed interesting and prompted additional
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investigations of the conditions used, even though no small organic molecules had
been extracted successfully. The GPC results from the aqueous phase showed a
significant decrease in the size of soluble compounds present after the reaction

when compared to the initial protolignin sample.
, 28 -

Figure 2.22: Post-reaction mixtures during extractive procedures for protolignin valorization.
Depicted are standard samples with TiO as the catalyst in sample 8, and NbOPOQ, as the
catalyst in sample 9. Panel to the left shows the extraction procedure intended for small
molecular compounds, with organic solvent added as a top layer and stirring. Panels to the
right depict aqueous phase after extraction and settling of the solids.

For these results with little to no detected monomeric or smaller products,
characterization and measure of the success and degree of transformation of lignin
becomes challenging. The confirmation of lignin modification was possible with the
analysis of the remaining solid content of the reaction by FT-IR, shown in Figure
2.23. The contents of the whitened lignin shown in Figure 2.24 are compared to the
original lignin sample (Hinton A), and with the pure catalyst used in the same
reaction. The predominant vibrations in the post reaction sample between 1040-1050
represent deformation vibrations of C-H bonds in guaiacyl rings, while the one
between 1220-1265 are the vibrations of guaiacyl rings and stretching vibrations of
C-O bonds.*® This confirms the conversion of lignin into guaiacyl-rich samples, which

made the lack of small molecular products all the more puzzling. Our initial theory
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was that they remained attached to a larger polymeric structure through the aliphatic
tail of the monomer, keeping them from being extracted and observed in GC-MS and
FID analysis. This theory may have been subsequently disproven based on the
observation that bands representing syringyl and aromatic ring vibrations, which
should be abundant if the main polymeric structure remained, were significantly
lower in the post reaction sample, showing only C=0 bonds at the a and {3 locations.
This may signify that the monomers produced have a very strong attachment to the
catalyst, and release from the niobium phosphate particles’ surface would require

further experimentation.

— Hinton A Lignin
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0.7 —— NbPhosphate
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Figure 2.23: FT-IR analysis of solid content post valorization reaction of protolignin sample
(grey). Original protolignin is shown in orange, while the catalyst on its own is shown in
green. Inset shows an expanded view of highly modified region between samples, including

In table 2.4 some results from the protolignin valorization reaction are shown.
For these, vanillin is used as a standard product for quantification purposes, while
the corrected yield refers to the yield of vanillin in the reaction subtracted from the
yield of the same system, but in the absence of the catalyst. Estimated total yield is
the approximate yield of small molecules observed, and it serves only as a rough

estimative of total lignin conversion.
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Table 2.4: Protolignin valorization reaction results. Vanillin yield calculated using GC-MS
and GC-FID data. Estimated total yield is here used as a term for the sum of the yields for
products detected by GC-MS and GC-FID based on calibrated curves with standards shown
in Figure 2.15. Percentage is based on total initial mass of material.

Exp n° Catalyst Solvent Time V)e;ineill(ljin Corrected yield Estimated total yield
1 NbOPO4 3mL AcN 20 h i ) 3%
2 PAd@Nb20s 3mL AcN 20h 2%- 1.5% 4%
3 PtAU@TIO2 3 mL AcN 20h 1.5%- 0.5% 2.5%
4 PAd@TIO> 3 mL AcN 20h 1% 0.25%- 1.5%

To validate the results observed, 2D NMR analysis was performed to obtain
the for the spectra of the Hinton A lignin used in these reactions. More specifically,
HSQC analysis allowed for the observation of resonances attributed to the C-H
bonds in the B-0-4 region, those being quite characteristic within a certain range,

depending on variations in the moieties structures.
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Figure 2.24: HSQC NMR of Hinton A lignin sample, dissolved in DMSO-d.
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Figure 2.25: HSQC NMR of the reaction mixture for a lignin valorization reaction, dissolved
in DMSO-d. The conditions for the reaction were UV irradiation for 20h, using 15mg of
Pd@Nb,Os as the sole catalyst, in 3mL of AcN, and 5 mg of Hinton A lignin.

The result of this characterization was then contrasted with the HSQC NMR
of the remaining solid from the depolymerization reactions, as shown in Figure 2.25,
which elucidates the shift of C-H resonances corresponding to a and 3 carbons
observed in B-0-4 segments. The shift to the methoxy resonance could be attributed
to the fact that in the polymeric chain of lignin, the terminal carbons are often further
bound to the next monomer in the chain, whilst in the new spectra, those are now
comprised of R-O-CHs resonances. This led to the conclusion that, despite the
limitations in concentration that made the analysis more limited in scope, it is
sufficient to indicate that the polymer chain was broken, and vanillic compounds were

formed.
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Biphasic Reaction Setups for Lignin Valorization

One strategy used to promote lignin valorization under UV light irradiation,
while attempting to limit or even eliminate the loss of vital products was the use of
biphasic solvent systems. Inspired by the extraction procedures used in certain
agueous protolignin valorization experiments, a first setup was conceived by placing
a heavier solvent on a test tube and charged with the lignin sample, the catalyst, and
a magnetic stir bar. Following that, a second solvent, chosen for being less dense
than the first one, while being also sufficiently immiscible and in which the monomeric
and other small molecular products are highly soluble in, is carefully poured on top
of the first one. A sheet of aluminum foil is wrapped around the area containing the

upper solvent, and the resulting mixture is placed in between the light source and

the stir plate. An example of this setup is shown in Figure 2.26.

Figure 2.26: Biphasic reaction setup used for valorization reaction of protolignin samples
using Kessil's PR160L 370 nm UV LED.

The solvent mixture chosen for most of the experiments conducted, which

presented the best results, was a combination of 5 mL of Milli-Q H20 as the denser
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solvent, and 2 mL of EtOAc as the top layer solvent. Ethyl acetate was the solvent
used for extractions during previous aqueous reactions, and is poorly soluble in
water, thus presenting an ideal second phase to the setup. This experiment showed
a higher yield of lignin valorization products for both catalytic and catalyst-free
systems, when irradiated.

100 mg Dioxosolv lignin 200 mg cataI!stI ﬁ«irI 24 hrsI

(in 5 ml H20 + 3 ml EtAc) rt, 365 nm (LEDi)
0.0139% 0.0145%
0.060 % 0.061 %
0 (4R 3 o Control used
U.040 % 0.044 %
- - - . - : - — - e o e e == == === [ cOTECted
the yields
0.020 %
0.004 % 0.002 % . 0000 % 0.007 %
/UL 70 U.000 7
— I
No catalyst, No catalyst V@Tio, V@Tio,, Tio, Pd@TIO, Pd@TiO,, Pd@Nb,0., v@rTio,,
dark Air flow Benzene d, Benzene d, single phase

Scheme 2.2: Summary of biphasic conditions with dioxosolv lignin. Reaction conditions
shown in box above graph, and exceptions shown after catalyst below each bar.

Achieving lignin valorization without catalyst doesn’t detract on its own the
possibilities opened by photocatalysis of lignocellulosic biomass. As we can observe
in the examples contained in Scheme 2.2, vanadium-based catalysts were capable
of producing more than double the single-product yield of light in our non-flow
biphasic setup. This opens the way for several improvements, from optimizations in
the synthesis of the catalyst, to different approaches to extracting lignin and
increasing the single-target yield achieved.

Protolignins were also experimented on using the biphasic approach, and a
summary of results is shown in Table 2.5. The difference in yields observed from
technical lignin reactions and protolignin reactions is expected, as the extractions
themselves tend to release some amount of vanillin, but have the added limitation of
releasing a lot more side products, which hinders the analysis of each product

mixture after valorization reactions
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Table 2.5: Summary of protolignin valorization results using biphasic system
Exp n° Catalyst Solvent Time Vanillin yield Correc;(ie;(;/anlllln
5 mL H20 +
1 NbOPO4 2 mL EtOAC 20 h 0.3% -
5mL H20 + 20 h
. 5mL H20 + 20h
. 5mL H20 + 20h
4 AuPd@TiO2 2 mL EtOAc 2.6% 2.3%

A second biphasic system was assembled, and early experimentation seems

promising, though at this point, certain variables and time constraints prevented

these from making it into the current version of this research. This system can be

seen in Figure 2.27, with a picture of the assembled flow system on the left, and a

scheme explaining each element on the right.

Peristaltic pump

<¢—— Organic layer (EtOAc)
<—— Aqueous layer

Light source: UV-LEDi
(7x 365 nm LED)

Air
cooling

Figure 2.27: (Left) Picture of second biphasic system. (Right) Scheme drawn to elaborate
on key elements of second biphasic system. See legend in scheme for component
breakdown.
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2.6 Future Work

One of the issues identified is the competition between the condensation
reactions and breaking of lignin in the reactions tested. Though recent
experimentation has attempted to steer valorization reactions with acid and basic
character into catalyst-free systems, minimizing lignin condensation while retaining
the benefits of a catalytic reaction is still desirable. Some recent experiments have
indicated that the presence of formic acid can be a strong stabilizing agent, by
supplying hydrogen to both products and intermediates. It has also been shown to
have some catalytic capabilities on it's own, though our interests would be in the
combination of formic acid and photocatalysts.'® 14 Carbon monoxide generated
from acid decomposition of the formic acid, incidental during solvolysis processes of
technical lignins, has also been shown to have an important role in this reaction.?®

Further experimentation with the flow biphasic system is necessary. A few
changes to the materials used in the tubing is advised so that it minimizes retention
of material inside of the tube, and also to stop the release of plastic derivatives into
the reaction mixture. Optimizing the control of the flow from the separation funnel
into the reaction vial is desirable, as well as improvements to the irradiation system.
These changes may enable this reaction setup to produce consistently higher yields
than stationary biphasic reactions.

Substantial improvements to the way lignin conversion and product detection
and yield calculations are necessary. So far, the most straightforward way to assess
the success of a reaction is through calculation of the vanillin yield, but this is a poor
representation of the wider possibilities achievable using photocatalysis in lignin
valorization. A better standardized way of calculating total product yield should be
procured and applied to the reactions here discussed, as our methodology may have
overlooked largely successful reactions based on a single-minded approach to

product characterization.
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Chapter 3 Molecular Model Studies

3.1 Introduction

Lignin, as previously defined, is primarily a network of guaiacyl, p-
hydroxyphenyl, and syringyl units connected by an assortment of ether linkages.
This constitutes an alkyl aryl ether backbone, which is heterogeneously
functionalized with methoxyl, benzyl alcohol, and phenolic hydroxyl species.

The catalytic conversion of lignin through selectively cleaving ether linkages
results in lower molecular weight compounds, such as aromatic acids and phenols,
some of which may eventually replace certain equivalent petroleum-derived
commodities and fine chemicals.

A few factors complicate the efficient conversion of lignin into value-added
chemicals and wide-spread adoption of lignin as a valuable feedstock. Notable
among those are the variability of ether linkages between monomers, the reactivity
of associated hydroxyl groups, and finally the instability of resulting monomeric
products under reaction conditions. A simplified lignin structure in Figure 3.1, a
schematic representation not to scale, also includes a condensed monolignol

building blocks that represents guaiacyl, p-hydroxyphenyl, and syringyl units.!

COOH / \
= Coniferyl Alcohol: Ry =H; R, = OCH;,
MeO GHOH p-Coumaryl Alcohol: Ry=R,=H
O--CH
HO-CH R Rz Sinaptyl Alcohol: R; = R, = OCHj;
OH OMe OH

0© N J

Lignin model compound

[3 O - 4linkage /@)\/ \©

Figure 3.1: Lignin structure highlighting B-O-4 ether linkage, as well as generic monolignol
structural diagram, and 2-(2-Methoxyphenoxy)-1-(4-methoxyphenyl)ethanol model
compound (commonly referred to as “BA”)
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The molecular model of choice for the present study was a [(-O-4
representative model called 2-(2-methoxyphenoxy)-1-(4-methoxyphenyl)ethanol.
Since part of the mechanism studied may have an interplay between its alcohol
group possibly being converted into a ketone, the model as shown is referred to as
BA, while the ketone equivalent is referred to as BK. The reason for this choice has
to do with the inter-unit linkage abundance in common wood samples, where the
predominant linkage is B-O-4, being present in 45 to 50% of linkages in softwoods,
around 60% in hardwoods, and up to 84% in grasses. The complete relationship
between each linkage, represented by a lignin model compound, and their respective

abundance is shown in Table 3.1.

Another reason that makes the choice of BA as a model compound an
interesting one are the very challenges of using it in a photochemical system. One
of the major issues discussed about the acquisition of small molecules from lignin is
the instability of certain produced monomeric units, and this model (BA) is an
example that produces such unstable structures, especially under light.
Understanding such a crucial limitation and studying strategies and systems that
may overcome said limitations is essential in the pursuit of methodologies that may
eventually be applied to the complex protolignin valorization challenge.?3

There are many theories regarding different mechanisms for the breakage of
each linkage binding lignin together, and much has been done to study them using
molecular models. In the context of catalytically and photocatalytically cleaving B-O-
4 linkages we may assume the interplay between three mechanisms, though more
may certainly exist: one-pot Co-Cp bond cleavage via formation of Cg or Oq radical
and proton-coupled electron transfer (PCET) process; one-step C-O bond cleavage
via Cq radical intermediate; and a two-step approach that uses separate conditions
to enact benzylic oxidation on the model and only then promotes C-O breaking. A

simplified version of these reactions has been represented in Figures 3.2 and 3.3.
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OH OMe

jonaoh
MeO

Pathway I: two holes/electrons per step Pathway lI: single hole/electron per step

OH OMe
MeO

Figure 3.2: Two theorized pathways for the p-O-4 linkage molecular model breaking for
lignin valorization reactions. Adapted from Chen, H., et al. (2021).

The representation of Pathway | in Figure 3.2 omits the formation of the radical
in the process, since this is highly dependent on the conditions and catalyst used,
and for the specific cases in the present study, we do not have enough evidence to
confirm the identity of the radical formed. Complementary, and perhaps addressing
more directly the format adopted to represent these reactions in the present work,
Figure 3.3 shows three pathways for the formation of 3-O-4 products from BA. The
third pathway shown represents a two-step reaction in which different conditions
produce the ketone form of the molecular model and the final products. The
differentiating factor is the ability to detect reasonable amounts of BK in the reaction
mixture prior to the introduction of the new light or catalyst, for instance. An example

of this mechanism will be present in our experiments as will be shown later.
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Figure 3.3: Three pathways known and applicable for our experiments using 3-O-4 alcohol
models. First two cleavages involve a single set of conditions and radical intermediates
leading to a “single step” conversion into products, while benzylic oxidation requires a
different catalyst or conditions to produce ketone in the structure.
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Table 3.1: Linkage structure and distribution of occurrence in major certain plant groups. Adapted from Rinaldi (et. al, 2016).

. Biphenyl + S .
Name B-aryl ether Resinol Phenylcoumaran Dibenzodioxocin Spirodienone Diaryl ether

Linkage
structure from

| ~ A\
HO._ O., Qo © el
model J o » e
compound HO N0y [ . Q 0 O oH
Loy v QRS SN

a

-

HO

0O ¥ "
OH wl, ﬂ‘l\

Inter-unit linkage B-0-4 (B-B)*(-0-0)  (B-5H0-04) g g (G_gj; (B-0ap B—1+(0—O—a) 4-0-5
Softwood (%) 45-50 2-6 9-12 5-7 1-9 2
Hardwood (%) 60-62 316 311 <1 1.7 2

Grasses (%) 74-84 5-11 5-11 -- - -




With these factors in mind, the goal of this section was to explore some of the
challenges and opportunities presented by different photochemical systems in the
lignin valorization space. Through the investigation of 3-O-4 linkage breaking
reactions with different photocatalysts, solvents, and light sources, we aimed to
better understand observations from the protolignin and technical lignin valorization

reactions from the previous chapter, as well as identifying new directions for them.
3.2 Experimental Methodology

Molecular model synthesis

The process of synthesizing this model was accomplished similarly to
previous literature on the subject®. A 125 mL round bottom flask was charged with
2-bromo-4'-methoxyacetophenone (2.5 g, 10.9 mmol), guaiacol (1.49 g, 12.0 mmol),
potassium carbonate (2.27 g, 16.4 mmol), and acetone (75 mL). The round bottom
flask was then attached to a reflux system after receiving a magnetic stir bar and
was heated in an oil bath to reflux (76 °C) and stirred for 3 hours. The resulting
mixture was observed to turn from a light yellow to a darker orange colour.

At the end of the reflux, the mixture was left to cool down to room temperature,
after which it was filtered through a 2 cm layer of silica and concentrated using a
rotary evaporator at room temperature. The crude product had a mixture of white
and yellow powders, signaling impurities, and two methods were used to purify them.
The first was using chromatography on SiO2, with a 4/1 mixture of hexanes and ethyl
acetate, which presented lower yields than expected, being only around 55% of the
initial 0.5 g of crude product.

A second methodology used for purification of the final product was
recrystallization, using two different solvents, first with ethanol (EtOH), and then with
ethyl acetate (EtOAc). Recrystallization with EtOH gave a yellow/white mixed
product even after several cycles with filtration, but ethyl acetate was able to give a
fully white solid after just two cycles, with higher vyields than the column

chromatography (>85%).
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Figure 3.4: Reaction summary for the synthesis of the molecular model compound “BK”

Synthesis of the benzylic alcohol model 2-(2-methoxyphenoxy)-1-(4-
methoxyphenyl) ethanol, also referred to here as “BA”, was done in a similar fashion
as to prior reports as well. To a 100 mL round bottom flask were added 1.2 g of BK,
20 mL of tetrahydrofuran (THF), 5 mL of Milli-Q water, and 0.329 g of sodium
borohydride (NaBH4) added in three equal portions to maximize the bubbling time of
the mixture. After bubbling of gas ceased, the mixture was stirred at room
temperature for 3 hours. After mixing, the resulting solution was quenched with 35
mL of saturated agqueous ammonium chloride (NH4Cl) and diluted with an equal
volume of water. The mixture was then extracted using EtOAc (4 x 25 mL), and the
combined organic extracts were washed with brine, dried over magnesium sulfate
(MgSO0.), filtered, and then concentrated in the rotary evaporator to give a slightly
yellow oil.

O OMe OH OMe

/O)\/OG NaBH, Ar /@/l\ﬂ@

MeO THF/H,0 MeO

rt, 6h (or 12h)

BK BA

Figure 3.5: Simplified reaction for the conversion of molecular model BK into molecular
model BA

(75:25, hexanes/EtOAc). Purified BA was also obtained via recrystallization in
a minimum amount of 75:25, hexanes/EtOAc in yields of up to 90%. Purified crystals
obtained in the recrystallization method are shown in Figure 3.6.
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Figure 3.6: Purified BA crystals after recrystallization with hexanes/EtOAc.

3.3 Results and Discussion

Many of the experiments in this section were developed in conjunction, or at
least in response, to experiments done with results and observations from the
technical and protolignin investigations done in Chapter 3. This is due to the “lignin
first” type of approach adopted so that real results and effects observed when
complex lignin systems were present would then be further investigated on the
molecular level, since the other way around tends to provide false expectations. Most
schemes in this results section will contain the three main target compounds from
the lignin valorization reaction attempted in our experiments, those being BK as a
product of benzylic oxidation, and the pairing of guaiacol and acetanisole from the
C-O breaking of the model. The representation of BK does not necessarily equate to
a reasonable yield of BK being found in the process, as the pathway achieved for
that particular reaction may bypass the formation of the ketone in its own step. Thus,
if no yield of BK is shown in the table or discussed after it, it is assumed that no

detectable yield of BK was present.
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Oxidation of Dimeric Model Compound in Water

As discussed in Chapter 1, transitioning organic reactions from typical organic
solvents to aqueous media is highly desirable, since the solvent may be reused after
separation of organic compounds, and the safety and environmental benefits of
using water as a solvent cannot be overstated.*® Thus, the first conditions tested in
this work for the breaking of molecular models were done in Milli-Q water, assisted
by surfactants. The choice of using surfactants as a part of these reactions was,
firstly, for consistency with similar reactions done with technical lignins in which the
surfactant often stabilizes the lignin suspension in water, and second, in order to
assist in the contact between the heterogeneous catalyst and the organic molecules
in the agueous media.* Select results from these experiments are shown in Scheme
4.1, accompanied by the yields of the two expected products and the ketone-
substituted form of the starting material.

OH OMe Catalyst " OMe 0o OMe
/@)VO@ Milli-Q H,0 wOG + /@)‘\ + HO\©
Air, rt
MeO MeO MeO
BK 1 2

355 nm LED
BA
Exp n° Catalyst Surfactant Time Conversion Yield BK Yield 1 Yield 2
1 NbOPO: (1.3 ymol) CTAB 3h 20% -
2 NbOPO4 (1.3 ymol) CTAB 15h 60% 10%- 5% 2%
3 NbOPO4 (1.3 pmol) - 15h 40% 6%- 3% 1%
4 TiO2 (1.2 pmol) CTAB 15h 10% -

Scheme 3.1: Breaking of molecular model BA in aqueous media using niobium phosphate
and TiO; as catalysts. Yield based on maximum yield from starting material, acquired by
GC-FID analysis.

Upon examining the results contained in Scheme 3.1, niobium phosphate
showed some reactivity under agueous conditions, though the yields of the individual
molecular models were often close to or below our limits of detection. It is possible
that most of the losses were due to the extraction and drying process associated
with the agueous phase reactions, and that those are either inflating the estimated
conversion numbers or masking the real yields. It is possible that much of the organic

compounds added to the mixture is either in hydrophobic pockets of the surfactant
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or attached to the surface of the catalyst. Titanium dioxide showed poor activity in
water and was also unable to remain as a stable solid suspension for very long,
forming large agglomerates which are bound to show lower catalytic activity. This
was partly the purpose of the experiment, as this contrast demonstrates the need for
further studies of niobium-based compounds as primary catalysts or as supports in

agueous reactions as the primary catalyst.

Some concerns with the use of CTAB as a surfactant for these reactions arose
from the stirring and observation of foaming atop the solution, which can cause some
issues with the mixing of the components and is generally undesirable for these
reactions. Furthermore, as CTAB could be a contributing factor in the poor extraction
observed in the first few reactions, a designer surfactant was sought after, since they
are tuned specifically to accommodate organic chemical reactions in water, are non
foaming, and are said to have good stability and are said to facilitate the extraction
of organic components after the reaction. We chose TPGS-750M as the surfactant
of choice, due to its versatility as an amphiphile surfactant developed for metal-
catalyzed organic reactions in water, such as Heck reactions, Suzuki-Miyaura, olefin

metathesis, among others.

OH OMe Q OMe o OMe
(0]
o Catalyst N N HO
Milli-Q H,0
MeO MeO MeO
BK 1 2

Air, rt, hv
BA
Exp n° Catalyst (1.3 ymol) Surfactant Time Conversion Yield BK Yield 1 Yield 2
5 NbOPO4 2% TPGS-750M 15h 20%
6 Pd@Nb20s 2% TPGS-750M 15h 100% 10%- 5% 2%
7 Pd@TiO2 2% TPGS-750M 15h 40% 6%- 3% 1%
8 NbOPO4 + PA@TIiO2 2% TPGS-750M 15h 10%

Scheme 3.2: Breaking of molecular model BA in aqueous media using niobium phosphate
and TiO; as catalysts. Yield based on maximum yield from starting material, acquired by
GC-FID analysis.
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The use of a novel designer surfactant, especially one made with renewable
materials such as TPGS-750M, is highly desirable, and its presence seemed to
enhance the conversion of BA into products greatly compared to CTAB. Even so,
there is not an extensive amount of research done with photochemical stability of
this designer surfactant, only thermal and chemical, and what was observed from
the GC-MS and GC-FID results hampered the use of these in a meaningful way.
Different from the valorization reactions of lignin, where a multitude of products is
expected, only a handful of products is expected at most from the molecular model
breaking reactions, but instead, in the presence of TPGS-750M over a dozen
unidentified compounds can be detected. This may be from a photochemical

instability of the surfactant that had not been previously discussed in literature.

Oxidation of molecular model compounds in organic solvents

Our research then pivoted into simplifying the systems used, as the
introduction of aqueous media and subsequent extractions was leading to
inconclusive results with lignin valorization and to molecular model breaking
inconsistencies. In order to still abide by the ideas expressed in Chapter 1 on the
use of greener and less dangerous solvents, MeOH and AcN were used for the
majority of experiments, as the former is a recommended solvent according to most
classifications, and the latter is only problematic in the safety standards by a small
margin and may yet be used under the right conditions. For reactions using organic
solvents, analysis was conducted by centrifuging the sample to separate the catalyst
and the solution containing organic products and starting material. The organic
phase is then passed through a syringe filter to ensure no solids enter the columns

of either chromatography instruments.
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0] OMe 0 OMe

OH OMe
o] Catalyst O HO
A e + +
MeOH
MeO MeO MeO

rt, hv
BA BK 1 2
Exp n° Catalyst Atmosphere Time Light Conversion Yield 1 Yield 2

9 2 mg NbOPOq4 Air 15h 365 nm 13% 1%
10 2 mg NbOPOq4 Argon 15h 365 nm 9%

11 2 mg Pd@TiO2 Air 15h 465 nm 20%- 3%
12 2 mg Pd@TiO2 Argon 15h 465 nm 34%- 4%
13 11%99'\;,%%3_262 Air 15h 465 nm + 365 nm 27%- 2%
14 11%99':%%:?6: Argon 15h 465 nm + 365 nm 32%- 2%

Scheme 3.3: Reactions with 0.9 mM of BA lignin model in 1.5 mL of MeOH, using niobium
phosphate and Pd@TiO; as catalysts. Yield based on maximum yield from starting material,
acquired by GC-FID analysis.

The initial goal of these experiments was to test the ability of niobium
phosphate to convert the molecular model into the two major products under UV-
light irradiation. Parallel to those, we chose a visible light catalyst to contrast these
reactions, and Pd@TiO2 was chosen given past experiences of our research group
with it, and thus it was similarly tested also under both an inert atmosphere and under
argon, using a 465 nm single-head LED as the light source. Lastly, a combination of
both catalysts and light sources was done, to see if any complementary effects could
be observed.

The results shown in Scheme 3.3 under both light sources, as well as both
under argon and air, were shown to be below expectations. The yields achieved from
these reactions were not too dissimilar to the ones observed for aqueous reactions,
which we acknowledge need several further optimizations to reach its true potential.
Oxidation of the molecular model into the ketone equivalent was at its best under
blue light irradiation in the presence of the palladium catalyst, especially under
argon, with a total conversion of 34% in reaction 12, although one can make a case
for the system shown in both 13 and 14, as only half of the mass of the palladium
catalyst was present in both, and a similar conversion value was achieved, and in

13 we observed an improvement of this reaction under air which may be significant.
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Given the underwhelming results in MeOH, we decided to experiment with
similar conditions under acetonitrile, switching to this solvent for the reasons
previously discussed. In order to isolate individual conditions to a better degree, the
following battery of experiments were conducted exclusively under UV light, which
can be seen in Scheme 3.4.

OH OMe o Me 0 OMe
0 Catalyst 0 HO
—_— + +
AcN
MeO MeO MeO
BK 1 2

rt, UV
BA
Exp n’ Catalyst Reactant Time Light Conversion Yield 1 Yield 2
15 14 mg Pd@TIO, 5 mM BA 20 h 365 nm 37% 26% 20%
16 14 mg TiO, 5 mM BA 20 h 365 nm 40% 38% 38%
17 14 mg Au@TiO, 5 mM BA 20 h 365 nm 24% 10% 3%
18 14 mg NbOPO, 5 mM BA 20 h 365 nm 64% 3% 31%
5mMofl
19* and 2 20 h 365 nm - 0 (88%) 80%

Scheme 3.4: Reactions with 5 mM of BA lignin model in 2 mL of AcN, using niobium
phosphate, TiO2, PA@TIO,, and Au@TiO; as catalysts. Yield based on maximum yield from
starting material, acquired by GC-FID analysis.

Due to new observations, finds in the literature reports, and difficulties
associated with detections limits of our instruments, it was decided that the starting
material should be at a higher concentration for these new experiments. While
maintaining the proportion of catalyst to starting material was important, it was
relevant to our interests to make full use of the irradiating light in the specific volume
used. We determined that a normalized amount of about 7 mg of catalyst per mL of
solvent was an ideal start. It was also included a control vial in this setup, where
acetanisole and guaiacol were placed under similar concentrations to the starting
material, without the presence of a catalyst, and were subjected to the same UV-
light irradiation and workup as the rest of the samples, in order to observe if full
recovery of the products would be possible, as can be seen in reaction 19 of scheme
3.4.

Comparing the results obtained, still on Scheme 3.4, with recent work done

with a photochemical approach to molecular model studies®1%, some of these
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present quite the upside. The conditions used were simple, with no need for a high
pressure of inert or reductive gases, there was no base present, and no optimizations
for the stabilization of products were known at the time, meaning the yields of 30%

and above achieved under these circumstances have many avenues to be improved.

Following the success of the previous experiments, a screening of
heterogeneous catalysts was planned, using different metals and semiconductive
supports. A higher concentration of the reactant was chosen so that we could better
observe conversion issues and compensate for some of the light limitations of this
reaction. Since we ascertained that some product is lost to light, the lower the
concentration of product, the higher the margin on error introduced by said
difference, making it harder to evaluate these results. Scheme 3.5 shows the results
of this next battery of experiments, with 10 mM of starting molecular model, under
UV irradiation, for 20 h in sealed vials without purging.

OH OMe Q OMe o OMe
0 Catalyst 0 HO
— > + +
AcN
MeO MeO MeO
BK 1 2

rt, UV
BA
Exp n° Catalyst Reactant Time Light Conversion Yield 1 Yield 2
20 14 mg Pt@TiO, 10 mM BA 20h 365 nm 71% 36% 27%
21 14 mg Au@TiO, 10 mM BA 20h 365 nm 66% 45% 30%
22 14 mg AuPd@TiO, 10 mM BA 20h 365 nm 97% 48% 32%
23 14 mg Au@Zn0, 10 mM BA 20h 365 nm 89% 37% 5.0%
24 14 mg Pd@Nb,O, 10 mM BA 20h 365 nm 100% 12% 3.8%

Scheme 3.5: Reactions with 10 mM of BA lignin model in 2.0 mL of AcN, under air, with a
host of different photocatalysts. Yield based on maximum vyield from starting material,
acquired by GC-FID analysis.

The results shown in Scheme 3.5 show great promise, since the high
conversion values, and reasonable yields, especially for 20, 21 and 22, indicate that
with the right techniques to improve product stability, complete conversion of this -
O-4 lignin model is attainable under photocatalytic conditions. Reaction condition 22
in particular, which used a AuNP decorated onto a Pd@TiO2 catalyst, shows
particular promise, since it has the highest yield and conversion of the starting

material.
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Despite the complete conversion of starting material, reaction condition 24
shows very little yield of acetanisole and guaiacol detected under the available
conditions. One explanation for this occurrence is that either the products from the
reaction or the starting material itself are strongly attaching to the surface of the
catalyst, justifying to some extent why they are not present in the chromatograms
after a simple separation process. Another possibility is that there may be a formation
of different products involved, which would align with observed peaks at very low
elution times in these sample’s chromatograms. There is data in the literature that
indicates that niobium-based catalysts may facilitate the demethoxylation of benzylic
molecular models, which may be followed by hydrogenation of benzyl rings with the
right conditions, such as a co-catalyst that may assist this process and low pressures
of H2.1! Further thoughts on some of the improvements that can be made to these
reactions will be shared in Chapter 4, for future work on this topic.

Several of the photocatalysts shown on Scheme 3.5 have been shown to be
photocatalytically active under visible light conditions, and thus, following the
success of the catalysts used under UV-irradiation, as attempt was made to observe
if a similar result could be achieved under visible light irradiation. The target
wavelength was decided based on the absorption of the metal decorating the

support.
OH OMe
(0] Catalyst
Ac
MeO rt, light
BA
Exp n° Catalyst Solvent Reactant Light Source Time Yield Conversion

25 14 mg AuPd@TiO, 2 mL AcN 10 mM BA Green LED 20h 2% 10%
26 14 mg Pd@Nb,O, 2mL AcN 10 mM BA Blue LEDi 20h 15% 65%
27 14 mg Pt@TiO, 2 mL AcN 10 mM BA Blue LED 20h 5% 40%
28 14 mg AuPd@TiO, 2mLAcN 10 mM BA RGB LEDi 20h 5% 15%

Scheme 3.6: Screening of visible-light irradiation conditions, using 10 mM of BA lignin model
in 2.0 mL of AcN, under air. Yield based on maximum yield from starting material, acquired
by GC-FID analysis.
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Nanoparticles of noble metals of palladium, gold, and platinum were
decorated onto common semiconductive supports, and the yields at first seemed to
indicate that these conditions were not optimal in any of the light conditions and
combinations assessed. Though the highest yield achieved was only 15% using
Pd@NDb20s catalyst, lower than previous results but still notable, the most important

achievement of these experiments was in the conversion observed.

What set apart conditions 26 and 27 from previous experiments is that we
were able to produce and quantify the formation of BK after the reaction. Previous
experiments may have shown low percentages of BK being formed, as a probable
side product of the oxidative breakage of the model compound under ultraviolet
irradiation conditions, but in this case, it was produced under visible light in
considerate amounts by both 26 and 27. In the case of 26, 45% of the starting
material was converted into BK, while in 27 the yield of BK was around 30%.

In order to put these results into perspective, using a comparison with similar
literature, we may be interested in the work of Corey R.J. Stephenson and his
research associates. His group has done numerous experiments attempting to
merge visible-light photoredox and transition metal catalysis in order to enhance
lignin valorization, with a focus on molecular model studies, and in one such case,
Karkas (M. D., et. al, 2016)*2 performed experiments involving an Iridium photoredox
catalyst and several palladium catalysts, to separately but concurrently perform
benzylic oxidation followed by C-O bond cleavage of a B-O-4 lignin model
compound. Although their work reached higher yields for the benzylic oxidation step,
upwards of 85%, their methodology required a much more expensive homogeneous
catalyst ([Ir{dF(CF3)ppy}2- (dtbbpy)]PFs), in addition to Pd(OAc), as well as sodium
persulfate as a base, in a comparable amount of time (15 hours), under blue light
and room temperature. Also relevant is their use of DMF as the solvent of choice,
which as previously shown, is considered a dangerous solvent recommended to be
substituted whenever possible. Our experiment in MeCN achieved 65% conversion
with an easily recyclable catalyst, while their experiment with the same solvent
resulted in only 11% yield of ketone yield. Further experimentation with optimization
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of this benzylic oxidation step, as well as the continuation of our work on the second
step (to follow) could result in greener overall conditions for the same lignin

valorization reactions.

While reactions that use UV irradiation in lignin valorization reactions have to
contend with the loss of key products caused by their photosensitivity, visible light
reactions have to compensate for longer reaction times and, more often than not,
additional components such as bases, higher temperatures, or pressurized reductive
environments. Certain strategies have begun to arise? that combine the capabilities
of both approaches, in dual-light irradiation systems, that sequentially irradiate the
sample with visible light until a maximum of a precursor such as BK is formed, and
then UV light is introduced causing a rapid conversion of BK into products, and
further converting BA through the chain until an optimal yield of acetanisole and
guaiacol is achieved. This approach shortens the necessary time of irradiation under
both conditions, making it possible for an optimization of the system until a condition

with higher maximum vyields is achieved.

Using this as a basis, we sought to find an optimal co-catalytic system that
could take maximum advantage of the produced BK once UV irradiation starts, so a
battery of experiments was planned to determine a catalyst that would not compete
or cause side-reactions during the visible light phase, and at the same time, that

could quickly obtain high yields of acetanisole and guaiacol.

Table 3.2: Conditions for ketone model conversion into products using 370 nm UV light
irradiation, using 2 mL of AcN as the solvent. Yields calculated using GC-FID and GC-MS.

Exp n° Catalyst Reactant Time Light Conversion Yield 1 Yield 2
29 10 mg TiO, 5 mM BK 3h dark -
30 No catalyst 5 mM BK 3h 370 nm 90%* 4% 2%
31 10 mg TiO, 5 mM BK 3h 370 nm 99% 75% 55%
32 10 mg NbOPO4 5 mM BK 3h 370 nm 100%* 10% 5%

*Conversion under these conditions may be the product of mishandling of sample or experimental missteps.

Before discussing the complete results in Table 3.2, it bears mention based

on the observed results in condition 30, that in repeated experiments in the early
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stages of this work it was theorized that BK was not photostable, appearing to be
converted into unidentified products when irradiated by UV light without the presence
of a catalyst. This was found to contradict a report by Lanzalunga and Bietti (2000)*3
showing that for photoconversion of this type of compound, a hydrogen atom transfer
is necessary. This is possible either through an intramolecular hydrogen donor, such
as a phenolic neighbouring group, or an extra-molecular donor, like a hydrogen-rich
polar solvent. It is then possible that for the observed conditions, BK was not fully
purified in that instance, leading to photoreactions by hydrogen transfer from

guaiacol, for instance.

The remaining results in Table 3.2 were later corroborated with a sample of
BK confirmed to be pure based on multiple analysis, although no further
investigations on the observations for condition 30 were made. The best candidate
for the co-catalyst under the current goals is TiOz2, given that it selectively converted
BK into products with 75% yield for acetanisole, and 55% for guaiacol. The reaction
with niobium phosphate showed the selective formation of a compound with a much
lower molecular mass than the targets of the reaction, implying that successive
oxidation reactions of the benzyl ring from the products may occur, generating a
product with lost aromaticity. The same, to a lesser extent, can be seen with the
experiment with no catalyst, although the compounds generated were not identified,

nor particularly selective.

The near complete conversion of BK in 3 h as shown in 31 is a promising
result, and further studies should optimize this value, in case lower times may
achieve higher yields, even if with less conversion, due to the photosensitivity of the

products.

Another experiment was devised to assess if the mechanism observed under
blue light irradiation in reactions 25 to 28 for the formation of products 1 and 2 was
possible starting from BK, or if the formation of BK was a side reaction, independent

of the conversion of BA into products 1 and 2.
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We moved to use blue light irradiation and BK as a starting material to observe
if any conversion into the two main products was possible with several
photocatalysts. The reactions shown in Scheme 3.6 were done using a well plate
illuminator with blue 465 nm LEDs, and the vials containing the mixtures were placed
on top of the well plate such that each vial was directly irradiated from the bottom by
at least one LED, and some light from neighbouring LEDs also irradiated them from
the sides. The well plate illuminator itself was then placed on top of a large magnetic
stir plate, so that small magnetic stir bars placed on each of the vials provided the

mixture with reasonable stirring. The setup as described can be seen in Figure 3.4.

This experiment was conducted in this way in order to facilitate future
optimization reactions that would benefit from blue light irradiation, seeing as dozens

of conditions can be placed over the well plate and tested at the same time.

OH OMe o OMe 0 OMe
/©)\/O\© Catalyst /©)K/O\© . /@)J\ N HO\©
AcN
MeO ft, light MeO MeO
BA BK 1 2
Exp n° Catalyst Reactant Time Light Conversion Yield 1 Yield 2

33 No Cat 10 mM BK 20 h Blue WPI 0% 0% 0%
34 14 mg Pt@TIO, 10 mM BK 20 h Blue WPI 0% 0% 0%
35 14 mg PYAU@TIO, 10 mM BK 20 h Blue WPI 0% 0% 0%
36 14 mg AuPd@TiO, 10 mM BK 20h Blue WPI 2% 2% 0%
37 14 mg PA@Nb,O, 10 mM BK 20 h Blue WPI 0% 0% 0%
38 14 mg NbPhosph 10 mM BK 20 h Blue WPI 5% 0% 0%

Scheme 3.7: Reaction conditions for ketone model conversion into products using 465 nm
blue light irradiation from a well-plate illuminator. Yields calculated using GC-FID and GC-
MS

These reactions confirmed our suspicions that the mechanism converting BA
into acetanisole and guaiacol is separate from the mechanism that converts BA into
BK. This can be seen from the presence of two catalysts that were able to achieve
reasonable yields of acetanisole and guaiacol from BA, as well as formation of high
amounts of BK, those being PAd@Nb20s and Pt@TiO2. Neither catalyst was able to

show any detectable conversion of BK.
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Figure 3.7: Setup for rapid screening of conditions for the photocatalytic cleavage of lignin
molecular models using blue light irradiation of a well plate illuminator.

A final set of experiments was conducted in parallel with results and
experiments from Chapter 3, using CdS quantum dots to attempt visible light
breaking of the -O-4 lignin model compound, as shown in table 3.3. CdS quantum
dots are known to have good photocatalytic activity under visible light irradiation, and
have been shown to cleave molecular models of similar composition.8° Two
experiments were set up using the same CdS QD batch as shown previously, and
they were placed in a vial with 10 mM of the BA model compound, under air, and
irradiated with the blue well-plate illuminator. Two different solvent conditions were
tested, based on literature on the subject, one being a 2:1 mixture of AcN and EtOH,
and the second a 1:1 mixture of H20 and EtOH.
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Table 3.3: Conditions and results from photochemical cleavage reaction of 10 mM of BA
lignin model, using CdS quantum dots as catalyst. Yield estimated based on GC-MS and
GC-FID analysis.

Exp n’ Catalyst Solvent Time Light Conversion Yield 1 Yield 2
1 5 mg CdS QDs 2:1 AcN/EtOH 20h Blue WPI (465 nm) >2% >1% >1%
2 5 mg CdS QDs 1:1 H.O/EtOH 20h Blue WPI (465 nm) >2% >1% >1%

Estimation of the yields was necessary since results were very close to the
error limits of the technique used. This indicated that these catalysts did not seem
suitable for the set of conditions and the overall system we were experimenting on.
Further analysis revealed that several by-products and compounds from the
synthesis of que QDs still remained in the mixture, making further purifications
needed. Considering that better visible light results had been previously achieved
with catalysts that were much easier to synthesize, this section of our research was
put on the backburner in terms of molecular model experimentation, while we

attempted to explore other alternatives with real lignin.
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Chapter 4 Suggestions for Future
Work

Upon first reading through the present body of work, one may be excused to
think that it speaks against the use of photocatalysis for the advancement of lignin
valorization reactions, for we have seemingly found somewhat as many reasons for
it as we did against it. It is my conviction, however, that this is the ideal space for new
ideas within science to grow: not too perfect otherwise anyone else can achieve it,
and probably has, and not impossible so that future attempts can feasibly use what
was learned to bring these ideas to new heights. It is with that in mind that we provide
some pathways for future work, using what was learned throughout both the

experimental journey of this work, as well as the one to write the present account.

Starting with future improvements to the molecular model results achieved, an
investigation of the many strategies being used to improve product stability currently
in the literature could be applied to great effect to further optimize the results shown
in Chapter 4. Further investigation on the applicability of a biphasic setup should be
done, this time including the use of molecular model compounds, to evaluate its
impact on final yields. Of particular note, the use of AuPd@TiO2 as a photocatalyst
in the production of acetanisole and guaiacol from the molecular model BA showed
very promising results that, given the right product-stabilizing strategy, could be a

viable pathway that should be investigated further.

During our experimentation on the production of BK with photocatalysis using
visible light irradiation, followed by UV irradiation to convert it into the desired
products, we found conditions that presented very promising results. The use of
Pd@NDb20s with TiO2 as a co-catalyst has the potential to achieve high yields under
mild conditions, according to the isolated experiments conducted. Unfortunately, due

to time constraints and delays due to experimental mishaps, initial testing failed to
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fully represent the capability of this system, thus leaving further testing to determine

the future of this approach.!

Further testing of the best conditions found with the molecular model studies
should be done with both protolignins and technical lignins.? The addition of
formaldehyde to lignin valorization reactions has been linked to a protective pathway
that may avoid repolymerization or dimerization side reactions and provide higher
yields of monomeric units.® The addition of ethylene glycol has also been shown to
promote a similar protective pathway, through acetal formation on the reactive
phenolic aldehyde site of extracted monomeric units. It is also important to note that
these stabilized products may also possess different photostability than the
unprotected variants, and therefore an investigation of the presence of formaldehyde
and ethylene glycol in the molecular model breakage reactions may serve to quantify

that factor. 47

Future work should thus explore the successful reactions for lignin
transformation discussed in Chapter 3, in an application-focused approach for
photochemical reactions. Since obtaining monomers has several challenges in
batch, from the degradation of products to the competing light absorption of certain

lignin moieties, flow photocatalysis is highly recommended.

The two-phase photochemical flow system assembled for the study of
extracted lignin can be further improved upon by designing a system with a better
pump or that has the two containers at the same level, by using a second pump to
control the flow into each receptacle. This reactor can have further applications on
other reactions with photosensitive products, and thus may have an impact that

extends beyond lignin valorization reactions.

Since obtaining small molecules is not the only pathway to lignin valorization,
it is important to note that lignin decolorization was achieved under mild aqueous
conditions, and thus the production of decolorized lignin using niobium phosphate as

a photocatalyst, for sunscreen applications should be investigated. Expanding upon
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our findings, thorough colorimetric studies should be conducted, correlating the time
of the reaction to different bleaching intensities, to achieve desirable coloration.
Incorporation of this material into a base cream for stability testing is also

necessary.>3

The observed formation of a film in conditions shown in Chapter 3 indicates a
possible pathway to new organized polymers produced from repolymerization of
selective monomer units from lignin. This could be a pathway into the production of
value added, petroleum-free thin films and polymers, although much remains to be

tested to expand these findings.

Another strategy that may benefit the evolution of lignin as a resource is the
continued experimentation of direct lignocellulosic-bound protolignin valorization,
rather than technical lignin alternatives. Though the use of technical lignin limits the
variability and unpredictability of certain results, these lignin-first processes allow for
a more seamless coupling of the lignin valorization industry with existing industries
that value the lignin-free extract containing cellulose and hemicellulose, such as pulp

and paper, first generation ethanol facilities, and many others.?

A thorough techno-economic analysis of all different lignin applications
stemming from photochemical and photocatalytic systems is necessary, as there is
a common saying among industry-related publications in the subject that reads
“...one can make anything out of lignin except money...” (Kumar, 2020).? The
infrastructure necessary for advanced biorefineries that would be capable of
producing some of the so called “low-cost” products made from lignin has been
shown to appear quite prohibitive, given that the return is not assured when
considering a new class of materials entering a space with existing products of high
quality and lower costs. It must be said that the viability of some of these applications
hinges on Governmental incentives and policies that stimulate the growth and wide-

spread adoption of renewable resources, over existing petroleum-derived products.
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By expanding our knowledge of protolignin valorization, through a sea of
uncertainty and inconsistent results, we may see the emergence of a better and more

economically viable lignin valorization industry.
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