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Abstract

Second-generation biomass or lignocellulosic biomass, which is mainly composed of cellulose,
hemicellulose and lignin, is a very important and promising feedstock for the renewable
production of fuels and chemicals of the future. Lignin is the second most abundant natural
polymer, representing 30% of the weight and 40% of the energy content of lignocellulosic
biomass. While designated applications for cellulose already exist in form of the current pulp and
paper production as well as its prospective hydrolysis and fermentation into biofuels (mainly bio-
ethanol), sustainable ways to valorize the lignin fraction of wood are yet to be established, due
to its poor solubility and complex heterogeneous structure. This constitutes a major drawback in
the economic viability of a biorefinery, where complete valorization of lignocellulosic biomass is
necessary. For this reason, and due to its potential as a valuable feedstock for the production of

organic chemicals, lignin valorization has become an important issue to solve.

For a better understanding and analysis of the catalytic performance of lignin, it is common to
use lignin model compounds, which contain the most significant linkages present in lignin and
show similar, although simplified, characteristics to the natural biopolymer. Among them, the
most abundant structural unit is the 3-O-4, representing approximately 60% of the bonds in

hardwood and 45-50% of those in softwood.

Oxidative depolymerization is one of the most viable methods for lignin valorization. It involves
the cleavage of ether bonds, such as 3-O-4 and other linkages present in lignin and its model
compounds, giving aldehydes or carboxylic acids as products, depending on the reaction
conditions used. In Chapter 2 of this thesis, the preparation, characterization and catalytic
performance of heterogeneous catalysts for the aerobic oxidation of [-O-4 lignin model

compounds (veratryl alcohol and guaiacyl glycerol-B-guaiacyl ether) is discussed.



The use of an environmentally friendly process, the organosolv process, for treating
lignocellulosic biomass in the presence of a solvent and using reaction conditions under which at
least part of the lignin is separated from the biomass, is described in Chapter 3. Different catalysts
and reaction conditions have been studied in order to optimize the organosolv process for the

production of high-quality lignin for further upgrading.

At the end of this thesis, Chapter 4, a catalytic process is described for the valorization of lignin,
consisting of a two-step catalytic system. The two-step catalytic system involved catalytic
oxidation, followed by hydrogenolysis. A catalytic system was developed for lignin hydrogenolysis
and the influence of the temperature and reaction time was studied for the catalytic oxidation of

lignin.

The results presented in this thesis contribute to a better understanding of the various factors
influencing the production of bulk aromatic chemicals from lignin, including valuable knowledge
regarding catalyst activity and stability, optimal conditions for the valorization of lignin and lignin
model compounds, and a process for the extraction of lignin from wood. Hence, it is necessary
to further develop catalytic processes to enable the transformation of lignin from a low quality,
low-price waste product into a high-quality, high-value feedstock for bulk and specialty chemicals

by the development of the appropriate catalytic technology.

This transformation is critical because lignin represents the only viable renewable source to

produce the aromatic compounds on which society currently depends.



Abstrakt

Anden generations biomasse bestar fgrst og fremmest af lignocellulose indeholdende cellulose,
hemicellulose og lignin. Lignocellulose er et meget vigtigt og lovende rastof til produktion af
vedvarende breendstof og kemikalier i fremtiden. Lignin er den naestmest udbredte naturlige
polymer og repraesenterer 30% af vaegten samt 40% af energiindholdet i lignocellulose
biomasse. Mens der allerede eksisterer et anvendelsesomrade for cellulose i form af nutidig
papir og papirmasse produktion, savel som fremtidig hydrolyse og fermentering til bio-
braendstof (fgrst og fremmest bio-ethanol), sa er der ikke etableret baeredygtige mader hvor pa
der kan skabes vaerdi ud af den ligninholdige del af tree, som har lav oplgselighed og en
kompleks heterogen struktur. Dette ggr gkonomien af et bio-raffinaderi ufordelagtig, da en
total veerdiskabelse af lignocellulose biomasse er en ngdvendighed for at skabe rentabilitet. Af
denne arsag, og grundet lignins potentiale som et veerdifuldt rastof i produktionen af organiske

kemikalier, er veerdiskabelsen af lignin blevet et vigtigt problem at Igse.

For at kunne forsta og analysere lignins katalytiske opfgrsel er det almindeligt at anvende lignin
modelblandinger, som indeholder de mest signifikante bindingstyper der er til stede i lignin, og
som viser de samme karakteristika som den naturlige biopolymer. En af de mest udbredte
strukturelle enhed er B-0-4 typen, som repraesenterer ca. 60% af bindingerne i lgvtrae (hardt
trae) og 45-50% af bindingerne i naletraesved (blgdt trae). Oxidativ depolymerisering er en af de
mest anvendelige metoder til veerdiskabelse af lignin. Det indebarer spaltningen af
etherbindinger, som f.eks. B-O-4 og andre koblinger der findes i lignin og lignins

modelblandinger, under dannelse af aldehyder eller carboxylsyre som produkter.

Kapitel 2 i denne afhandling omhandler forberedelse, karakterisering og undersggelse af den
katalytiske aktivitet af heterogene katalysatorer i aerob oxidation af [-O-4 lignin

modelblandinger med veratrylalkohol og guaiacyl glycerol-B-guaiacyl ether.



| kapitel 3 beskrives anvendelse af en miljgvenlig proces - Organosolv-processen - til behandling
af lignocelullose biomasse med et oplgsningsmiddel og reaktionstilstande hvorved en del af
ligninen separeres fra biomassen. Forskellige katalysatorer og reaktionsbetingelser er blevet
undersggt med henblik pa at optimere processen for at kunne fremstille hgj-kvalitets lignin til

yderligere opgradering.

| slutningen af denne afhandling beskrives i kapitel 4 et to-trins katalytisk proces system, som
kan omdanne lignin til hgjere-vaerdi kemikalier. Systemet bestar af katalytisk oxidering fulgt af
hydrogenolyse. Der blev udviklet et katalytisk system til hydrogenolysen af lignin og

indflydelsen af temperatur og reaktionstid pa den katalytiske oxidering af lignin blev undersggt.

Resultaterne som prasenteres i denne afhandling bidrager til en bedre forstdelse af de
forskellige faktorer, som har indflydelse pa produktionen af aromatiske storskala kemikalier fra
lignin. Deriblandt veerdifuld viden om katalysatoraktivitet og -stabilitet, optimale betingelser for

omseetning af lignin og lignin modelblandinger og en proces til isolering af lignin fra tree.

Det er dog ngdvendigt at udvikle den katalytiske teknologi yderligere for at sendre lignin fra at
vere et spildprodukt af lav kvalitet og pris til at vaere et veerdifuldt hgjkvalitets rastof
anvendeligt til storskala kemikalieproduktion. Denne udvikling er kritisk, fordi lignin udggr den
eneste baredygtige kilde til at producere de aromatiske forbindelser, som vores samfund er

afhaengigt af pa nuvaerende tidspunkt.
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Chapter 1

Introduction

1.1 Current global energy situation.

Unquestionably, the use of fossil fuels has become the engine during the development of society
since the Industrial Revolution. Unfortunately, this resource is in serious depletion, and the
accompanying environmental hazards make it unfavorable. Therefore, the need for a transition
to a carbon-neutral renewable system for the production of bioenergy and biomaterials becomes
more apparent [1]. Moreover, the European Union (EU) has outlined a number of targets
regarding energy savings and the use of renewable and alternative energy source instead of fossil
fuels. In 2020, the EU aims to cut greenhouse gas emissions by 20% (or 30% if the conditions are
right), increase the proportion of renewable energy to 20% and boost energy efficiency by a
minimum of 20% [2]. In 2050, the EU has also committed itself to reducing greenhouse gases by
80 to 95% in order to create a low-carbon economy, as part of global efforts to combat climate
change and air pollution, reduce dependence on foreign fossil fuels and keep energy affordable

for companies and consumers [3]. To fulfill these objectives, the EU set out five priorities:

1. Achieving an energy-efficient Europe, so the current relationship between economic
growth and increasing energy consumption must be broken.

2. Ensure the free movement of energy to create a more integrated, interconnected and
competitive market, applying the current EU legislation and developing a general plan to
allow energy to flow from one country to another.

3. Provide secure, safe and affordable energy for citizens and businesses, generating more

consumer-friendly policy based on the benefits competition brings.



1.1 Current Situation

4. Extending Europe's leadership in energy technology and innovation. Without a major
technological shift, the EU will not be able to achieve their ambitions to eliminate fossil
fuels for electricity and transport by 2050.

5. Consolidate and secure strong international partnerships. Many of the challenges facing
the EU (climate change, access to oil and gas, technology development and energy

efficiency) are also important for other countries [2].

However, despite the efforts made by the EU, many countries do not foresee achieving the
objectives marked by 2020 let alone 2050. The existing strategy is wholly inadequate to meet the

challenges [4].

1.1.1 The natural resource challenge.
The world population is expected to increase from the current total of 7.1 billion to 8.2 billion in
2030, meaning the Earth will have to feed more than a billion more people in fourteen years time.

This only exacerbates the challenge currently faced by the developing countries (Figure 1.1).

2358 Kcal
2655 Kcal
2803 Kcal
1,81t

2940 Kcal
2,36t

3050 Kcal

1960 1980 2000 2020 2040

B World population Energy per capita (t/capita) B Arable land (ha) Food comsuption (Kcal/capita per day) BAnnual meat consumption (kg/capita)

Figure 1.1. Data showing the development and the projection of the global population from
1960 to 2040, and per capita development in energy use, arable land, calorie intake and annual
meat consumption [5-7]



Chapter 1. Introduction

The exploitation of valuable natural resources, including oil, gas,metals, minerals and timber, is
often noted as a key factor in the development, intensification or continuation of violent conflicts
around the world. In addition, there is growing competition for increasingly scarce resources,
such as arable land or water. This is further exacerbated by environmental degradation,
population growth and climate change [5]. To face these challenges, the chemical industry has
created a wide range of materials, medicines, fertilizers and fuel at low cost, relying almost solely
on petroleum feedstocks. During the 20t century, oil was a cheap and abundant feedstock,
becoming the main product and the great ally of capitalism. Given the finite nature of this
resource, it is expected that oil prices will rise as the dwindling supplies struggle to keep pace
with increasing demand. This is expected to have a major impact on the chemical industry of the

215t century [4].

An important point to consider is that energy demand is increasing every year (Figure 1.2.).
Although there are many resources for electricity production (oil, gas, coal, nuclear, wind, solar,
geothermal, hydroelectric etc.), fuels used for transport come mainly from fossil fuels. Energy, as
a resource, has therefore two challenges to face; sustainable power generation and production

of sustainable fuels for transport.
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Figure 1.2. World energy consumption by fuel type. Historical data and projection by EIA [8]



1.1 Current Situation

Electricity production should be considered separately to the production of transport fuel, which is
expected to double in capacity over the period 2000-2030 mainly in Asia and Africa. Currently, it is
estimated that the reserves of fossil fuels in the world will last for at least hundred years. In addition,
there are now technologies for the production of clean and sustainable electrical energy, such
renewable energy (solar, geothermal, wind, etc.) that have registered a gradual increase in recent
years. The importance of sustainable energy generation lies in the concern that the vast amounts of
carbon dioxide released from coal-generated electricity, will contribute to climate change.

Additionally, there is a desire to be less dependent on energy supplies from foreign nations [4].

It is estimated that the transport and industrial sectors will account for 92% of the demand for liquid
fuels until 2040, while in other sectors the consumption of liquid fuels will diminish around the world
[8]. For this reason, sustainable transport fuel generation is without a doubt the greatest component
of the resource challenge, simply because of the sheer amount of fuel needed. It seems that there is
no single key to solve this challenge, but rather many different approaches are needed. First
generation biofuels, which are produced directly from food crops, such as corn or sugar cane, can
perhaps supply 30% of the current fuel demand if fully developed [1]. The increasing use of electric
and hybrid cars will reduce fuel consumption. Technologies such as hydrogen and fuel cells will help
reduce the demand for liquid fuels. However, these approaches have their own drawbacks. First
generation biofuels require large areas of arable land, and will therefore compete with the
production of food for a growing world population. To overcome this problem, second generation
biofuels are being developed from lignocellulosic biomass or woody crops, agricultural residues or
waste, which require less land and are therefore more desirable. One disadvantage of the second
generation biofuels, however is that it is relatively difficult to extract the required fuel. Electric and
hybrid cars require batteries and/or electricity. Hydrogen production is not simple and requires a lot
of energy and heavy security. Currently, most of the hydrogen used in the word is produced from
fossil fuels, meaning the green credentials of hydrogen-fueled vehicles are debatable. It seems
evident that transport costs will increase in the future as oil reserves dwindle. In order to reduce our
dependence on fossil fuels and transform the energy sector into, more research and development of

existing technologies is needed, with the chemical industry, playing a key role in this challenge.


https://en.wikipedia.org/wiki/Lignocellulosic_biomass
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1.1.2 The climate challenge.

Global warming is possibly the most dramatic side effect of fossil fuels usage. Fossil fuels are
converted into energy through combustion reactions, leading to the emission of greenhouse
gases (GHG) such as CO;, CHas and N2O. In the atmosphere, CO, concentrations have increased
considerably over the past century. In 2015, the concentration of CO; in the atmosphere
exceeded 400 ppmv. This represents an increase of more than 120 ppmv since the pre-industrial
era. More than half of this increase has occurred since 1980, with an average growth of 2 ppmv
/ year in the last ten years. Fossil fuel emissions are not limited to CO;, as levels of other GHG,
CH4 and N0 have significantly increased in the atmosphere since the mid-20™ century. The
human influence on the climate is reflected clearly in anthropogenic emissions of GHG, which are

now reaching their highest levels in history (Figure 1.3.) [8-9].
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Figure 1.3. Total annual anthropogenic GHG emission by gases 1970-2010. CO; from fossil fuel
combustion and industrial processes; CO; from Forestry and Other Land Use (FOLU); methane
(CH4); nitrous oxide (N,0); fluorinated gases covered under the Kyoto Protocol (F-gases) [9].

Cumulative emissions of CO; largely determine mean global surface warming by the late 21
century and beyond. Projections of greenhouse gas emissions vary over a wide range, depending
on both socio-economic development and climate policy (Figure 1.4). Most aspects that influence

climate change will last for many centuries, even though the current anthropogenic CO;
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emissions will stop. It is inevitable that the climate will continue to change for centuries, due to

past, present and future CO; emissions [9].
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Figure 1.4. Warming versus cumulative CO2 emissions. Colored plume shows the spread of past
and future projections from a hierarchy of climate carbon cycle models driven by historical
emissions and the four Representative Concentration Pathways (RCPs) over all times out to
2100, and fades with the decreasing number of available models [9].

Two sectors produced nearly two-thirds of global CO, emissions in 2013: electricity and heat generation,
by far the largest, which accounted for 42%, while transport accounted for 23% (Figure 1.5) [10]. 72%
of the energy production came from coal-fired power plants, with the largest emissions coming from

China — contributing 30%, followed by the U.S at 19% [11].
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Figure 1.5. World CO2 emissions by sectors in 2013 [10]. * Others include agriculture/forestry,
fishing energy industries other than electricity and heat generation, and other emissions not
specified elsewhere
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By adopting stronger climate change policies, governments could slow down or change the
course of these emission trends, and ultimately stabilize the level of greenhouse gases in the
atmosphere. Mitigation efforts over the next two to three decades will largely determine the
long-term increase in mean global temperature and the corresponding impact on climate change
that can be avoided. Policies on climate change can be properly constructed as an integral part
of sustainable development, and the conclusions of the IPCC's report on climate change
confirmed that a change towards sustainable development can reduce greenhouse gas emissions

and prevent further climate change [9].

1.2 Green and sustainable chemistry.

Green and sustainable chemistry is in very simple terms a different way of thinking about how

chemistry and chemical engineering can be done.

Green chemistry involves the creation, design and development of products and processes that
reduce or eliminate the use and generation of substances hazardous to human health and the
environment [12]. As well on focusing on protecting the environment and preventing pollution,
green chemistry research also investigates ways to increase efficiency and reduce production

costs of existing processes [13].

The concept of sustainable development, first introduced in the Brundtland report in 1987, is
defined as development that meet the needs of the present generation without compromising

the ability of future generations to meet their own needs [14].

These two concepts, green chemistry and sustainable development have been the focus over the
last decade, of both industry and academia. In fact, the two concepts go hand in hand; sustainability

is the ultimate goal and green chemistry tells us how to get there [12].



1.2 Green and sustainable chemistry

1.2.1 Atom economy and E-factor.
The quantification of how green or how environmentally friendly a chemical reaction or product is, can
be very difficult. However, to get an estimate, two useful measures of the environmental impact of

chemical processes are accepted: the E factor and the atom efficiency.

Atom efficiency is a useful tool for evaluating the amount of waste that will be generated by a chemical
process. It is calculated by dividing the mass ratio of the desired product by the sum of the mass ratio of

all the reactants in the stoichiometric equation of the reaction involved (equation 1.1) [16].

Mproduct
atom economy = ————

ZMreactants
(1.2)

In 1992, Sheldon introduced another tool, the E-factor, which evaluates the

environmental impact of a particular reaction based on the amount of waste generated, defined as
everything but the desired product. It takes the chemical yield into account and includes reagents,
solvent losses, all process aids and, in principle, even fuel. There is one exception: water is generally
excluded from the calculation of the E factor. A higher E factor means more waste and, consequently,
a greater negative environmental impact. The ideal E factor is zero. [15]. Table 1.1 compares typical

E factors in different sectors of the chemical industry.

total waste generated in kg

e — factor = (1.2)

total product in kg

Table 1.1. E- Factors and typical production in the chemical industry [16].

Industry segment Annual tonnage E-factor
Petrochemicals 10°-108 <0.1
Bulk Chemicals 10%-108 1-5
Fine Chemicals 102 -10* 5-50
Pharmaceuticals 10 -103 25-100
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In order not only to evaluate the environmental impact of waste by its amount, but also by its nature,
Sheldon introduced the Environmental Quotient (EQ). The EQ can be obtained by multiplying the E factor
with an arbitrarily assigned unfriendliness quotient (Q) based on an assessment of how harmful a particular
type of waste is. The value of Q is debatable and difficult to quantify, but in principle, it is possible to make a

guantitative assessment of the environmental impact of a chemical process using this method [17].

1.2.2 Catalysis: the pillar of green and sustainable chemistry

One of the fundamental pillars of green and sustainable chemistry is catalysis. The design and application of
new catalysts and catalytic systems achieves simultaneously the two goals of green and sustainable
chemistry; environmental protection (achieving through greater atom efficiency and lower energy usage),

and economic profit [18].

In this thesis, heterogeneous catalytic systems have been used to the lignin biomass conversion into

chemicals and fuels, following the green and sustainable chemistry principles.

By definition, catalysis increases the rate of a reaction by the participation of an additional substance that
does not go through any permanent change in the process; the catalyst. The catalyst increases the reaction
rate by offering an alternative pathway that proceeds through a lower energy transition state, and requires
alower activation energy (Ea). Figure 1.6. shows how the activation energy (Es) for a hypothetical exothermic

reaction X + Y to give Z decreases when the reaction occurs in presence of a catalyst. [19-22].

E; (no catalyst)

Energy

E. (with catalyst)

Reaction Progress

Figure 1.6. The energy diagram for a generic exothermic reaction X+Y to give Z [21].
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In order for a catalyst to be suitable for a chemical process, it is necessary for it to possess three

main properties:

= Activity. The activity measures how fast one or various reaction proceed in the presence
of a catalyst [20].

= Selectivity. The selectivity gives the fraction of the starting material that is converted into
the desired product [20].

= Stability. The thermal, chemical and in case of heterogeneous catalysts, mechanical
stability of a catalyst determines its lifetime in an industrial reactor. The catalyst stability
is determined by many different factors, such decomposition, and poisoning. The
deactivation of a catalyst can be followed by activity and selectivity measurements as
function of time. This property is of crucial important in chemical industry because it

determines the catalyst lifetime and, hence the economics of a process [20].

Catalysts are divided into three main groups: homogeneous catalysts, heterogeneous catalysts

and biocatalyst [19].

Biocatalysis.

Biocatalysis is the term used for catalysis taking place in living systems or using catalysts found in
living systems (enzymes). In bio-catalytic processes, protein enzymes or other biological catalysts
perform chemical transformations on organic and/or inorganic compounds. Both enzymes that

have been isolated and enzymes still residing inside living cells are employed for this task [19].

Homogeneous catalysis.
In homogeneous catalysis, the catalyst is in the same phase as the reactants. Homogeneous
catalysts are regularly used in the pharmaceutical industry and are often employed to carry out

relatively complex transformations in comparison to heterogeneous catalysis.

Homogeneous catalysts are difficult to separate from the products, as both, catalyst and

products are in the same phase [19-20].
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Heterogeneous catalysis

In heterogeneous catalysis, the reactant and the catalyst are in different phases. The catalyst is
usually a solid material while the reactants are in gas or liquid phase [22]. Heterogeneous
catalysis have a vital importance advantage, separation. Heterogeneous catalysts are either
automatically removed in the process (usually in fixed — or fluidized bed reactor in gas phase),
or they can be separated by sedimentation, centrifugation or filtration (usually in liquid phase

in batch reactors).

Heterogeneous catalysts are used not only in the production of commodity chemicals,
materials, and fuels, but also in energy conversion and in food production, being applied in
numerous industrial process in chemical, pharmaceutical, food, automotive and petrochemical
industries. The continued research in heterogeneous catalysis is a requirement for accosting
environmental and energy issues that as have being seen is facing our industrializing society

(Chapter 1 -1.1 Current situation) [22].
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1.3 Biomass

1.3 Biomass.

Biomass is the most abundant carboneous renewable resource available and is viewed as an
alternative feedstock to fossil fuels [23]. Biomass can be defined as any biological material
derived from living organisms. In the context of biomass for energy, biomass often refers to plant
derived material, but the meaning itself is equally applicable to resources coming from both

animals and plants [24].

Vegetable biomass, mainly composed of carbohydrates, is generated by carbon dioxide (CO;) and
water (H20) using solar energy source and producing oxygen (O2) as a byproduct photosynthesis
[23]. In this process, CO; is removed from the atmosphere, converted into organic carbon, and
stored in woody biomass. Trees release the stored carbon as CO; to the atmosphere, when they
die, decay or burn. When this occurs, the carbon cycle is completed (Figure 1.7). So long as
biomass is sustainably managed and replenished with new growth, its use results in no net

increase in atmospheric CO; levels, and is therefore carbon neutral [25].

Atmosphere Volcanism

Fossil fuel
emissions

Gas exchange

Earth crust

Sediments

Figure 1.7. Simplified diagram of the carbon cycle showing the typical time scales of renewal
for the transfer of carbon through the main reservoirs [9].
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As mentioned previously, fossil resources are unable to meet the growing demand for energy
and commodity chemicals. Because of this, new markets are being establish to meet these
demands, using clean and green technologies, and renewable raw materials, such as biomass
[25]. Biomass is the only renewable energy source that can provide fuel in a gaseous, liquid or
solid state. It can be used to generate electricity, as fuel for transport or as heat, mainly for high-
temperature industrial applications. Bioenergy is easy to store when demand is low, and
conveniently transformable when the energy is required. Depending on the process, bioenergy
can be used in the production of electricity, as can other forms of renewable energy, as wind
energy. However, due to the possibility of storage, generation of heat from biomass plays an
important role, because it is able to meet seasonal demand, as is commonly observed in the

Nordic countries [26].

1.3.1 Biorefineries.

Biorefineries are named by analogy with conventional refineries, which aim to maximize the
utilization of the raw material producing a wide range of fuels and chemicals [27]. According to
the International Energy Agency (EIA), “a biorefinery is the sustainable processing of biomass into
a spectrum of marketable products ranging from energy, food, feed, chemicals and material

applications” [10].

Biomass conversion is currently performed in separate facilities in which all the economic
potential has not been exploited. However, future biomass applications will be based on a single
integrated facility called a biorefinery where all fractions and by-products of biomass will be used
to produce a variety of products including energy, either as heat or electricity , biofuels,
biomaterials and chemical substances [1, 25-30]. Thereby, the profitability of biomass will
increase and more flexibility will be achieved making it possible to withstand market fluctuations
and changes in consumer needs. In addition, the integrated biorefinery concept is associated
with complex biochemical and thermochemical conversion methods, from which a wide range of
products can be obtained. These conversion processes have improved energy efficiency,

increasing the sustainability of global processes [31].

13



1.3 Biomass

The selection of a specific type of biomass, such as lignocellulosic biomass, available as feedstock for
the production of energy and other products (biofuels, biopolymers, and chemical molecules) will be
determined by the characteristics of the region (for example the climate and topography of the land)
and the activities which occur: including agricultural and industrial land usage. The products desired

determine the type of biomass and process required in a biorefinery [27-34].

Borregaard in Norway operates an example of an industrial biorefinery. This biorefinery uses
wood as raw material. Wood fibers are converted into advanced grades of specialty cellulose for
products used in the construction and oil industries, and for the production of foodstuffs, tablets,
cosmetics, filters, hygiene products, and paints. Additionally, part of the dissolved lignin is
converted by catalytic oxidation into vanillin, and the sugar extracted is fermented to make

bioethanol, as a second generation biofuel. (Figure 1.8) [35].
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Figure 1.8. Schematic overview over the flows of raw material and energy through the different
processing steps towards the end products for Borregaard Sarpsborg Biorefinery [35].
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Various technologies are under development for lignocellulosic biorefineries, in which the lignin
fraction is only consider as an energy source. However, there has been an increase in biorefinery
technologies, which make use of the possibility of separating the biomass into carbon-rich and
lignin-rich fractions. Borregaard biorefinery provides a good example of this. They used lignin
mainly for the production of synthetic -vanillin, which is a well know flavorant and is also find use
in medical applications or as a platform chemical for pharmaceutical production [35]. However,
the vanillin market is not big enough to warrant the complete integration of lignin into the bio-
based economy of a biorefinery. A better understanding of the ways in which lignin can be
converted to bulk chemicals and fuels is clearly desirable, as a better use of this fraction could

significantly boost the carbon economy, as well as improve the profitability of any biorefinery.

1.3.2 Lignocellulosic biomass.

The biomass-based chemicals and fuels generally are produced by sugar and starch containing
crops such as beet, corn and grain, the so-called first-generation biomass. These crops are also
used for food and animal feed, resulting in an undesirable competition between food and fuels.
To counter rising food prices and food shortages in the world's developing countries, it is
therefore important to develop the use of the so-called second-generation biomass, in which
waste products are used as raw material instead. Second-generation biofuels and chemicals are

usually made from lignocellulosic biomass [36-38].

Lignocellulosic biomass consists of plant tissues composed of cells with cell walls formed from
cellulose microfibrils frameworks. Hemicellulose and lignin polymers are interlinked with
microfibrils structures [29]. The structure of the cell wall gives strength to the plant and protects
the plant against pathogens. The complexity of this structure makes it difficult to extract the
potential lignocellulosic biomass compounds, meaning pretreatment and fractionation
procedures are required to access them. However none of them is able to completely isolate

each component without modifying or degrading them.

Lignocellulosic biomass can be divided into three organic components with the following
representative fractions by dry weight: cellulose (40-50 wt. %), hemicellulose (25-35 wt. %)

and lignin (20-30 wt. %) (Figure 1.9). A number of other minor components are also found:
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proteins (3-10 wt. %), lipids (1.5 wt. %), soluble sugars and mineral called extractive (10.5

wt. %). These are often referred to as “ash” [37-40].
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Figure 1.9. Representation of lignocellulosic biomass and of its main fractions. [41-43].

Cellulose and hemicellulose valorization has been widely examined, and many different studies
have during the last year focused on obtaining biofuels and high value chemicals from these
fractions. In fact, monomeric sugars can be used for commercial production of second-generation
biofuels such as bioethanol or bio-propylene, by fermentation. Sugars can also be converted to
other molecules (e.g. succinic acid, ethylene glycol or propylene glycol) using fermentation or
conventional chemical conversion technologies. Nevertheless, a commercial process for lignin
valorization is yet to be developed and lignin conversion technology lags far behind the other two

fractions [23-25, 44].
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1.4 Lignin.

The term lignin was introduced in 1819 by de Candolle and originates from the Latin word
lignum, meaning wood [45]. Lignin, alongside cellulose and hemicellulose, is one of the major
constituents of the cell walls of all higher vascular land plants. It is a three-dimensional
biopolymer which is found together with hemicellulose and cellulose filling the spaces
between them and acting as a resin which holds the lignocellulosic matrix together, protects
the cell wall from microbial attacks, and provides shear and compressive strength to the plant

tissues (Figure 2.0) [36-38, 45-44].

-

R >
‘
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Figure 2.0. Artistic representation of lignocellulosic biomass with cellulose fibers (blue), lignin
(red) and hemicellulose (light green) [41-43].

The amount of lignin found in a plant depends on the species, and can vary between 15 to 40%
by weight. In herbs, lignin content is less than 15% by weight. In wood stems the portion of lignin
is from 24% to 33% in normal softwood (gymnosperm trees), and from 19 to 28% in normal

temperature zone hardwood (angiosperm trees) [46-45].
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Lignin is a natural biopolymer, but unlike other polymers and despite many research efforts, its chemistry,
biosynthesis and molecular biology has not been completely elucidated. It is currently accepted that the
biosynthesis of lignin is the result of the random polymerization via oxidative phenolic coupling of three
basic monolignol units: p-coumaryl, coniferyl and sinapyl alcohol (Figure 2.1).

b1 4

OH OH

b

= = =
OH OH OH

p-coumaryl alcohol  coniferyl alcohol sinapyl alcohol

Figure 2.1. The three monolignol monomers, the building blocks of lignin.

The composition of lignin polymers varies not only between species but also between tissues of an
individual plant. Both the proportion of monolignol monomers and linkages between them vary.
Softwood lignin is almost exclusively derived from the polymerization of coniferyl alcohol (over 95%) and
the rest is mainly coumaryl alcohol, while in hardwood lignin the predominant building unit is sinapyl
alcohol ( from 45 to 75 %), followed by coniferyl alcohol (from 25 to 50%), with coumaryl alcohol almost

inexistent (from O to 8 %) [38, 46, 47].

The monolignol monomers, are linked randomly through carbon — carbon and carbon —
oxygen bonds. The main interunit linkages are illustrated in Figure 2.2, and their abundance
in spruce (softwood), and beech and birch (hardwood) are listed in Table 1.2. In general, B-
0-4 and a-0-4 ether bonds are the most abundant in lignin, making up about 70% of the
linkages found in native lignin. Hence, the cleavage of 3-O-4 linkages, represent the most
promising strategy for depolymerization of lignin into simpler substructures [37-39]. Figure
2.3 shows a schematic representation of softwood and hardwood lignin fragments with their
common linkages. These structures are pictorial and do not imply any particular sequence

[38].
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Figure 2.2. Schematic representation of the common linkages in native lignin.

Table 1.2. Abundance of linkages from native lignin [27, 38, 47].

Abundance (%)

Linkage Softwood Hardwood

Spruce wood Birch wood Beech wood
a-0-4 11-16 6-8 28-32
B-0-4 39-50 60 32-37
4-0-5 4-7 6.5 2
5-5 9-11 4.5 2
B-1 2 16
B-5 6-12 8
B—p 2-4 6.4

Lignin also contains a significant range of chemical functional groups, such as hydroxyl (aromatic

and aliphatic), methoxy, carbonyl, and carboxyl. These functional groups affect the properties of

the lignin molecule, especially its solubility. Lignin is quite soluble in alkaline solutions due to the

ionization of hydroxyl and carboxyl functional groups [46, 49].
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Figure 2.3. Schematic representation of hardwood lignin (top) and softwood lignin (bottom) [38].
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1.4.1 Lignin dissolution and pretreatment.

Lignin properties strongly depend on the pretreatment process of lignocellulosic biomass,
by which, lignin is isolated from cellulose and hemicellulose. Due to the strength and
complexity of cellulose, hemicellulose and lignin, the solubilization of lignocellulosic
biomass as a whole remains a challenge. Indeed, it has been admitted that the insolubility
of wood in common solvents has severely inhibited efforts to valorize wood and its

components [50].

The pretreatment of lignin is an important initial step in any biorefinery operation [51]. In
the pretreatment process, the principal components of lignocellulosic biomass and related
materials are separated, the extended polymer degrades to small compounds, which
occasionally react further, for example, resulting in sulfur incorporation. The isolation
method employed determines the structure of lignin polymers produced. Methods
producing consistent types of lignin of high quality and purity and high cellulose yields are
highly desirable isolation methods. These pretreatment or isolation technologies have been
divided into four categories: physical pretreatments (ball milling, etc.), solvent fraction
(organosolv process, the use of ionic liquids, etc.), chemical pretreatment (acidic, alkaline,
etc.), and biological treatment (using predominantly fungi) [52]. Nowadays, the dominant
fractionation process of lignocellulose is Kraft pulping, which corresponds to about 85% of
the lignin produced in the world [53]. However, it is important that lignin pretreatment in
biorefinery is targeted at separating all fractions of lignocellulosic material, obtaining a pure
feedstock, such occurs in the organosolv process method. Lignin pretreatments methods
use different conditions (temperature, pressure, solvent, pH range, etc.) and degradation
techniques which can alter the chemical structure of the isolated lignin polymers produced.
Hence, each pretreatment method has both advantages and disadvantages that will be
discussed below. The choice of lignin pretreatment method determines the type of high-
value products obtained after lignin degradation, and it is an important fact for the

integration of lignin in biorefinery operation [50-53].
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1.4.1.1 Steam explosion.

The steam-explosion process is a rapid treatment for lignocellulose biomass that involves the
impregnation of wood or bagasse with high-pressure steam (13 — 34 bar, 180 — 230 °C) for
short contact times (1-20 min), followed by a rapid pressure release [54-55]. The process is
auto-catalyzed by the organic acid that is liberated from hemicellulose. During the explosion,
the lignocellulosic biomass components are separated by acid-catalyzed hydrolysis or
heterolytic cleavage. After the explosion, lignin can be extracted into alkali (diluted NaOH
solution) or organic solvents [21]. The resulting steam explosed lignin contains a low content
of carbohydrates and impurities originating from wood. It resembles the native lignin more
than other treated lignin materials, as the chemical structural changes are rather limited
under the process conditions applied. The main drawbacks of the process are the low pulp

yield and high cost. As a result, this technique is still not commercialized [54].

1.4.1.2 Lignosulfonates.

Lignosulfonate is generated during sulfite pretreatment, which is a relative common process in
the pulp and paper industry. In sulfite pulping, the wood is cooked in aqueous sulfite solution
(HSO3™ or SO3%) at 125 - 150 °C for 3 -7 h [21, 56]. The process is usually performed under acidic
conditions, although it can be carried out in basic solutions using sodium or ammonia sulfite. The
[-O-4 linkages are stable when the process is carried out in acid media, but they are prone to
undergo cleavage in basic media. However, stable C-C bonds are formed, when aldol

condensation takes place in the sulfite pulping [21].

Lignosulfonates are water-soluble from pH 2 to 12, making this type of lignin different from
others. In addition, lignosulfonate lignin exhibit a higher average molecular weight and higher
monomer molecular weight that other lignin, materials such as Kraft lignin, due to the
incorporation of sulfonate groups in the structure. An example of the lignosulfonate structure

can be seen in Figure 2.4. [21, 57].
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Figure 2.4. Model structure for lignosulfonate lignin [54].

The disadvantage of this type of lignin is associated with its high molar mass and high sulfur
content. Sulfite lignin contains up to 8% sulfur, and is unsuitable for catalytic valorization.
Moreover, it can be considered an impure material, in which 25-30 wt. % is carbohydrate, ash
and other impurities. Due to their amphiphilic behavior lignosulfonates can be used in the

production of binders, surfactants, lubricants and emulsifiers [21, 54].

1.4.1.3 Kraft lignin.

Kraft pulping is the most common pulping technique employed in the pulping industry. The wood
is cooked at high pH, and considerable amounts of aqueous sodium hydroxide and sodium sulfide
[54]. The Kraft pulping process can be divided into three phases, initial, bulk and final or residual
phases. In the initial phase, the delignification takes place at temperatures of about 150 °C, and
it is controlled by diffusion. The bulk phase includes a period of heating from about 150 - 170 °C,
and the cooking treatment at 170 °C. The rate of delignification in this phase is controlled by
chemical reaction; the majority of the lignin is removed in this phase. The residual or final phase

marks the end of the heating process. The selectivity in this phase is poor and further pulping
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should result in significant degradation of carbohydrates [58]. This treatment results in lignin
depolymerization and release as soluble fragments, allowing the cellulose fibers to be recovered.

Lignin precipitates on lowering pH of the obtained “black liquor” [21].

Cooking
Washing

Oxygen delignification

Bleaching

: ; p ‘ t\]’ Oxygen plant
Recovery vy 0
boiler - .:_&DG Bleaching chemical

) preparation

Figure 2.5. Overview of a kraft process — Innventia (Sweden) [59].

The B-0O-4 linkages breaks during this process. The phenolic groups, leading to the addition of HS®
onto a-carbon, are converted into quinone methide groups. The benzylthiolate anion formed
undergoes a rearrangement forming an epilsulfide. This epilsulfide can lose a sulfur atom and

generate a double bond, which can form a C-C bond through several types of reaction [21].

OH OH OH
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OH OH OH
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Figure 2.6. Cleavage of B-O-4 linkages in Kraft lignin [21].
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Kraft lignin is readily available and low in price, but it is not an ideal feedstock for lignin valorization.
During the pulping process, sulfur is introduced into the structure making up around 1-2 wt. % of the
lignin produced. This sulfur may poison the catalyst used in the upgrading process. Furthermore, the
presence of C-C linkages formed during pulping makes it difficult to depolymerize this kind of lignin into
monomers. For that reason, a sulfur tolerant and a highly C-C bond cleavage-active system for upgrade

kraft lignin is required.

1.4.1.4 Soda pulping process.

The soda process is employed for pulp production from annual crops, such as flax, bagasse and
straws [56]. This process, unlike the Kraft process, is sulfur-free, and the reactant, NaOH, is
exclusively active towards the cleavage of a-0-4 bonds. The efficiency of the process can be
improved by the addition of an anthrahydroquinone catalyst, producing H.O; in situ. The great
disadvantage of this process is that it is limited to annual plants, and the products contained

significant amount of colloidal silica, that can destroy some catalysts [21, 38, 56].

1.4.1.5 Organosolv process.

The organosolv process is based on the treatment of wood of bagasse with various organic
solvents, such as methanol or ethanol, at temperatures ranging from 180 — 200 °C [21, 38]. The
organosolv process accomplishes the production of high-quality cellulose and water-insoluble

lignin [21, 38]. The major organosolv processes are the following:

Lignol process, ethanol/water pulping process [60].

= ASAM, Alkaline Sulfite Anthraquinone Methanol pulping [61].

= Organocell, methanol pulping followed by anthraquinone/NaOH pulping [62].
= Acetosolv, an acetic acid /HCl pulping [63].

=  Milox, formic acid/hydrogen peroxide delignification [64].

= Avidel, formic/acetic acid pulping [65].

These processes have been demonstrated on a pilot scale, but they are not commercial yet. The most
successful process is the Lignol Process, based on the Alcell Process, in which wood is extracted with
a mixture of ethanol and water. The lignocellulosic biomass is boiled in a mixture of ethanol/water
(1:1, v/v) at 200 °C and autogenous pressure of about 35 bar [66]. The Alcell process is no longer
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operational, but it is the most well-known organosolv process, involving dissolutions of lignin in either
ethanol or ethanol/water mixtures. Lignol Energy Corporation modified the pretreatment developed
in the Repap Alcell pilot plant and started with an organosolv pilot plant to produce high purity and
potential high value lignin [60]. The French company CIMV has developed a biorefinery based on the
organosolv process where the cellulose, hemicellulose and lignin are obtained separately and can be

used in various products [67].

The principal advantage of the organosolv process is that separate streams of cellulose, hemicellulose
and lignin are formed, allowing the valorization of all the main lignocellulosic components. The
process is considered environmentally friendly, because it does not require harsh conditions or
sulfides, as in lignosulfonate or Kraft lignin. Therefore, lignin obtained from the organosolv process
has a very low sulfur content and higher purity than other technical lignin materials produced from
other pretreatment methods. The principal disadvantage of the organosolv process is the high cost

of solvent recovery. Organosolv lignin is highly soluble in organic solvents [21, 60-67]

In this thesis, an organosolv process has been developed for producing high quality lignin from
hardwood (birch and beech) and will be described in Chapter 3. The high purity organosolv lignin
obtained from ethanol/water fractions of beech hardwood was studied for the production of

aromatic chemicals, as will be described in Chapter 4.

1.4.1.6 Other lignin types

Several other methods for pretreatment and isolation of lignin are available. The ammonia fiber
explosion process (AFEX) has been applied to lignocellulosic pretreatment. Biomass is treated with
liguid anhydrous ammonia at moderate temperatures, of around 60-100 °C and high pressure (17- 20
bar) over a 5 min period. The AFEX process cannot offer a well-defined lignin stream [54, 68]. The
diluted acid process involves the hydrolysis of cellulose using diluted sulfuric acid as a catalyst, but suffer

low yields and also corrosion of equipment in the acidic environment [54].

Recently, the use of ionic liquids (ILs) for wood depolymerization has achieved great interest. The
current high price of the solvents used, however, make the ILs based process unattractive for

operation on an industrial scale [69-71].
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1.4.2 Potential applications for lignin.

Lignin is a versatile feedstock that can be used in many different applications, such as a green
alternative to many petroleum-derived substances, including fuels, resins, rubber additives,
thermoplastics blends, food and pharmaceutical products. It is also known to be one of the few
possible renewable source for the production of simple aromatic chemicals, such as benzene,

toluene and xylene (BTX) [72-77].

The lignin structure, properties and purity depends on the delignification process. The

delignification processes is discussed in Chapter 3.

The main applications of lignin can be classified into three groups (Table 1.3):

Table 1.3. Main applications for lignin [76].

Group Volume Value Application example

Power — fuel —syngas High Low Energy production
Macromolecules Medium Medium Adhesives, carbon fibers polymers
Aromatics Low High Aromatics, Vanillin, Phenol, BTX

The challenge resides in the diversity and complexity of the lignin material. The production of
high value chemicals such as aromatics and carbon fibers are seen as the most rewarding and

challenging goal in lignin valorization [74 -77]

1.4.2.1 Lignin for macromolecules.

In 2014, lignin was mostly used for manufacturing macromolecules, exceeding 65% of global
market volume [77]. In macromolecules, lignin can find an application as dispersant, binder, and
emulsifier in several industries, but in many cases these uses of lignin mainly lead to low-value
products. However, there are other applications with higher earnings, like lignin uses for resins
and plastics [73]. Lignin has a certain similarity to phenol-formaldehyde (PF) resins, used for
varnishes, circuit boards, wood adhesives, etc. It maybe possible to use lignin in place of phenol

used in the petrochemical industry. Lignin, can substitute the phenol from the petrochemical
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industry to produce PF resins, which are formed by polycondensation of phenols in the presence

of formaldehyde [75].

Additionally, the expansion in the use of carbon fibers (CF) in construction and automotive
industries as a lightweight material is increasing the importance of macromolecules [77]. Carbon
fibers are mainly used in the automotive industry, but they also have other applications in the
aerospace industry (aircrafts), wind-energy mills and sport equipment (bicycles, tennis rackets,
etc.)[76]. Today, the use of CF is limited by the cost of the conventional carbon fiber precursor
Poly-Acrylic-Nitrile (PAN), which compromises 80% of the cost of the CF. Pyrolysis is used to
convert PAN to carbon fibers. This process is slow and energy consuming, hence, an expensive
process. The use of lignin as an alternative precursor shows a significant reduction in the cost of
CF and reduction of CO; emission during carbon fiber production. Lignin is readily available,
inexpensive as a feedstock and structurally rich in phenyl propane groups with high carbon
content (60%). Many researchers are working to improve the viability of lignin-based precursor

technology, with significant benefits in this area of application expected [76, 78].

1.4.2.2 Lignin for production of aromatic chemicals.

Lignin is by far the most abundant renewable resource on earth available as feedstock for the
industrial production of aromatic compounds, being the obvious replacement for fossil fuels in
this purpose. The main aromatic compounds currently used in industry are phenol and BTX

(Benzene, toluene and xylene) [44, 76-77].

BTX compromises 60% by volume of the aromatics produced industrially, representing almost
24% of the global petrochemical market value. Potentially these simple aromatic compounds can
be obtained from lignin, and their application would be similar to the ones, that are being
obtained from petroleum. However, for lignin to be used of BTX, the complete removal of oxygen
functional groups by decarboxylation, decarbonylation, dehydroxylation, etc. Progress on lignin
depolymerization techniques is also required in order to improve yield and selectivity. For this

reason, lignin-based BTX is still in development [44, 76].
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Phenols are extremely interesting building blocks for new synthetic bioplastics, as described
previously in 1.4.1.1 Lignin macromolecules. However, lignin can be used to produce phenol.
Phenol is considered a commodity chemical and is directly affected by the price of oil. Lignin
prices are stable, and are likely to decrease as yields improve and technologies advance. The
interest in lignin-based phenol is the same as seen before in the lignin-based BTX building block

production. However, this use is not yet commercially available [57].

Vanillin production has been commercial since 1937, with around 80% of its production from
lignin-containing waste produced by the sulfite process in the pulp paper industry. However, in
1980 subsequent developments in the wood pulp industry made its lignin wastes less attractive
as a raw material for vanillin synthesis. Today, Borregaard (1.3.1 Biorefineries), is the only
company that converts lignin into vanillin, covering only, 20% of the total production of synthetic
vanillin. The remaining 80% is currently synthesized in a two-step process from
the petrochemical precursors guaiacol and glyoxylic acid which come from petrochemical

industry [35, 76, 80].

Smolarski’s studies show that an economically viable lignin valorisation route is needed, and
more research to optimize the process for the production of lignin-based aromatic chemicals is
required. The Organosolv technology can approach the high lignin purities required for these
processes. However, large capital investments should be made for further studies and
developments to achieve industrial scale production. It is expected that in the next five years,
lignin could totally replace phenol in the production of polymers. Lignin-based vanillin production
could also gain some momentum depending on the price of oil and demand for vanillin. The next
five years are expected to confirm these trends, but also to give momentum to new technologies

for the depolymerization of lignin into phenol and BTX [76].
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1.4 Lignin

1.4.2.3 Lignin upgrading process.

The lignin polymer can be converted from a low quality, low-price product into a high
qguality, high-value feedstock for fuels, electricity, or bulk and specialty chemicals using a
wide range of chemicals transformations (Figure 2.4) [81]. Different fragmentation
reactions can depolymerize lignin; it can be converted into syngas using lignin gasification
at high temperature or under supercritical conditions [82-84], and can also be
depolymerized into small units using enzymatic [85-86], mechanical [87-88], or catalytic
processes. In this PhD thesis, the focus is on the isolation and catalytic depolymerization of
lignin for the production of fine or bulk chemicals, therefore the enzymatic and mechanical
processes are out of scope. The fragmentation reactions will be divided into four classes:
lignin pyrolysis, hydrolysis reactions, catalytic hydrogenolysis reactions, and catalytic

oxidation reactions.

process product | Use
. Gas: CO,C0O,,H;,
Pyrolysis CH.
! Thermolysis ';
S TmEEEmTsaeaet Liquid oil
.| Hydrogenolysis | "Phenols: phenol, | Chemicals
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l S - Aldehydes:
G | Hydrolysis | 5 vanillin,
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|  Oxidation Electricity
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Figure 2.4. Main Thermochemical lignin conversion processes and their potential products [81]
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Pyrolysis.

Pyrolysis can be defined as a thermochemical route to break down lignin anaerobically into low
molecular weight compounds [89]. In biomass pyrolysis, a decomposition of the organic
components occurs at temperatures between 200 to 500 °C, and then at 700-800 °C in absence
of air/oxygen biomass is converted further into smaller molecules in the form of gases,

condensable vapors (tars and oils) and solid charcoal.

Depending on the operating conditions (temperature, solid residence time, biomass particle size,
etc.) pyrolysis can be classified into three main categories: conventional or slow, fast and flash

pyrolysis [90].

Table 1.4. Types of pyrolysis and operation parameters [68].

Pyrolysis Solid residence Particle size Temperature Product yield (%)
process time (s) (mm) (°C) oil Char Gas
SLOW 450 -550 5-50 250-650 30 35 35
FAST 0.5-10 <1 550-950 50 20 30
FLASH <0.5 <0.2 750-1000 75 12 13

Lignin pyrolysis is a challenging process and produces relatively low yields of valuable
products. Several studies have focused on gas products for lignin pyrolysis. Carbon monoxide
and carbon dioxide are the most abundant components in the gas phase during lignin
pyrolysis. In addition, methane has also been reported with yields < 5 wt. % [91-96]. Caballero
et al. demonstrated an increase in methane, carbon monoxide, and carbon dioxide yield when
the reactor temperatures increased from 500 to 900 °C [92-93]. In addition, Ferdous et al.
indicated a generation of 25-mol % vyield of Hydrogen in the gas phase. The H; content
increases significantly when the thermal conversion temperature increases [94, 96]. H, and
CO are the major components of synthesis gas (syngas), which is the feedstock used in

Fischer-Tropsch synthesis.
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More than 400 organic chemicals can be found amongst the bio-oils produced during biomass
pyrolysis. These compounds can be classified in five different groups: 1. Hydroxyaldehydes, 2.
Hydroxyquetones, 3. Sugars and dehydrosugars, 4. Carboxylic acids and 5. Phenolic compounds
[97]. Evans et al. has found that the pyrolysis of the carbohydrate fraction can produce
compounds from the first four groups mentioned above. Furthermore, bio-oils composed of
phenolic compounds, are the mayor products of lignin pyrolysis. In particular, products such as
coniferyl alcohol, sinapyl alcohol, vanillin, eugenol, guaiacol, vinylguaiacol, creosol, and catechol
can be detected in the bio oils from lignin pyrolysis among others. The most abundant of these
are lignin building blocks, coniferyl and sinapyl alcohol, which are former in early stages of lignin

pyrolysis [98-99].

Catalysts significantly improve the selectivity of the pyrolytic process and the quality of the
pyrolytic oil produced from lignocellulosic biomass [100]. Olazar et al. have used H-ZSM-5 in the
catalytic pyrolysis of pine sawdust, achieving the production of aromatic and aliphatic
hydrocarbons in a conical spouted-bed reactor [101]. Carlson et al. have studied the catalytic
pyrolysis of bio-derived carbohydrates over different solid acid catalysts getting 30 -50 % yield of
arenes with ZSM-5 catalysts. However, the process required more detailed studies into the effect

of catalyst loading, deactivation and regeneration [102].

Presently, bio-oil samples are under investigation as a feedstock for extracting high-value
chemicals, which could be substituted for phenol in several applications as discussed in
section 1.4.1 Potential applications for lignin. Pyrolysis technologies can increase the
profitability of lignocellulosic biorefineries if the challenge of the cost-effective separation
of the oligomeric fraction from the monomeric fraction can be solved. Thus, further

investigation is needed into the liquid and solid char products [103].

Solvolysis.
Solvolysis involves the fragmentation of lignin molecules into lower molecular weight products
and occurs at moderate temperatures in acidic or a basic condition. If this process uses water

as the solvent, it may also be referred to as hydrolysis [104]. Karago6z et al. have used alkaline
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hydrolysis to treat pine sawdust to form phenolic compounds. The oil obtained consisted of a
mixture of oxygenated lignin products, produced with Rb2CO3 and Cs;COs3 catalysts. The base
catalysts prevent the formation of char and promote the formation of catechol and 2-methoxy-
phenol [105]. Miller et al. have developed a two-stage process for the conversion of lignin and
lignin model compounds. The first stage involves base-catalyzed depolymerization using
supercritical methanol or ethanol at 250-290 °C, and in the second step, the lignin intermediate
is hydroprocessed. Only 7% of the ether-insoluble material was left in the KOH/methanol
solution after 10-15 minutes. The strong bases favored the reaction. A combination of bases,
such as NaOH and Ca(OH); gave positive synergistic effects. In contrast if Ca(OH); is combined
with LiOH or CsOH, negative synergistic effects occur, producing a relative decrease in
insolubles [106]. Nenkova et al. carried out an aqueous alkaline depolymerization of hydrolysed
lignin model compound with 5% NaOH solution at 180 °C. They were able to repeat this with
poplar wood sawdust- The isolated products from extraction with toluene included several
high-value chemicals commonly obtained from lignin oxidation, such as 2-methoxyphenol, 4-
hydroxy-3- methoxybenzaldehyde, 2,6-dimethoxyphenol, and 1-(4-hydroxy-3-methoxyphenyl)

ethanone [107].

Hydrolysis in supercritical water is reported as an alternative approach for lignin
depolymerization. Supercritical water has several advantages, for example, it is not necessary to
dry the feedstock, oxidations and hydrolysis reactions can be achieved without a catalyst, and it
is thermally stable as well as miscible with gases, hydrocarbons and aromatic substances. Lignin
model compounds, such as guaiacol and catechol have been used to produce phenol under

supercritical conditions [108-109].

Hydrogenolysis.

Hydrogenolysis, which can be defined as pyrolysis performed in the presence of hydrogen, is
probably the most promising method for producing phenols from lignin. Hydrogenolysis leads
to higher net conversion, higher yields of phenols, and less char formation than pyrolysis.
Even higher conversion and oil yields may be achieved by using pretreatment methods such

as microwave and ultrasound irradiation before hydrogenolysis. In addition, the reaction
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temperature used is in the range of 160-250 °C, and the reaction is carried out in water or a
polar organic solvent, such as methanol or ethanol. Hydrogenolysis is performed either by
treating lignin in an active hydrogen-donating solvent, such as tetralin, sodium formate

solution and formic acid or in gaseous hydrogen [81].

Although hydrogenolysis can be carried out without a catalyst, catalysis is the key to the
hydrogenolysis process [110]. Hydrogenolysis is catalyzed mainly by transition metal catalysts.
These catalysts can dissociate gaseous H; into hydrogen atoms, and hydrogenate the lignin
fragment, reducing the extend of recondensation [38]. Augustine et al. have investigated the
hydrogenation of a lignin model compound, 4-methyl-1-cyclohexene, over Pt/SiO; catalyst.
The data show that the solvent plays an important role in these reactions. The polarity of the
solvent was a key factor in the interaction between solvent and reactant [111]. Tagaki et al.
reported the influence of the solvent on the hydrogenation of aromatic lignin model
compounds catalyzed by Ru/Al,O3 and Pt/Al,0s3. Their studies show that polar solvents
(acetone, THF, dioxane and diethyl ether) suppressed the hydrogenation. Furthermore, they
also demonstrated that decreasing the relative permittivity of the solvent, increase the
hydrogenation reactivity [88]. Wang et al. demonstrated the effect of solvents with different
properties on the hydrogenolysis of diphenyl ether with Raney nickel as catalyst. Catalytic
activity was influenced by Lewis basicity. Non-basic solvents enhanced the catalytic activity,
producing mainly saturated alkanes, alcohols and ether at 90 °C [113]. Zhang et al.
investigated the influence of bimetallic catalysts of the formed NigsM15 (M=Ru, Rh and Pd) in
the hydrogenolysis of lignin model compounds and Organosolv lignin under mild reaction
conditions in water. They showed that single-component Ni and noble metal catalysts were
active for this reaction, but the combination of the two presented prominent effects

overcome the limitations of a single component catalyst [114].

Oxidation.
Lignin oxidation reactions tend to form complex aromatic compounds with additional
functionality, which serve as a platform for subsequent reactions or produce fine chemicals

themselves. The oxidation products of lignin range from aromatic aldehydes to carboxyl acids
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based on the severity of the reaction conditions [115]. Among them, vanillin is an important
product of commercial interest as described in section 1.4.1.2 Lignin for production of

aromatic chemicals.

Many studies have been carried out on lignin valorization using oxidation reactions, over the last
few years. Several strategies for the catalytic oxidation of lignin and lignin models were reported
including the use of heterogeneous catalysis, bio-catalysis, biomimetic catalysis and
organometallic catalysis [38, 116-118]. The focus in this PhD thesis is heterogeneous catalysis for

lignin valorization.

Heterogeneous oxidation catalysts play an important role in the pulp and paper industry in
the removal lignin and other compounds from wood pulps. There are many examples of lignin
heterogeneous catalysis [38, 115-118]. Crestini et al. have worked on the oxidation of
phenolic and non-phenolic, monomeric, and dimeric lignin model compounds in addition to
sugar cane lignin and softwood Kraft lignin for treatment of Kraft pulp using heterogeneous
methylrhenium trioxide catalysts. Vanillin and veratryl alcohol were oxidized to the
corresponding acids, aldehydes and quinones, achieving yields up to 49% [119-120].
Methylrhenium trioxide was also used by Hermann et al. for vanillin production from the
oxidation of isoeugenol and transferulic acid in presence of H,0,. The catalyst could cleave
C-C double bonds with reasonable yields depending on the reaction conditions and starting

material [121].

Various oxide-based catalysts led to a significant conversion of raw lignin in aqueous or alcoholic
media in the presence of oxygen under pressure [122-124]. Sales et al. investigated the
applicability of Pd/Al,Os catalyst, prepared by incipient wet impregnation, in the oxidative
conversion of alkaline lignin extracted from sugar cane bagasse in batch slurry and continuous
fluidized-bed reactors. Aldehyde compounds were more susceptible to oxidation producing
syringaldehyde and p-hydroxybenzaldehyde. After 2 hours at 120 °C, 0.56 g of vanillin (< 2 wt. %)
and 0.50 g of syringaldehyde were produced from 30 g of lignin [122]. Zhang et al. tested the wet
aerobic oxidation of lignin into aldehydes with perovskite-type oxide catalyst prepared using a

sol-gel method. The catalytic activity was shown to increase with increasing Cu content, due to
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the anion vacancies generated by incorporation of Cu into the LaCoOs catalysts which increased
the amount of adsorbed oxygen surface active site species. The catalyst could be recycled for use
in five successive runs without significant activity loss [123]. Suresh Bhargava et al. described the
catalytic wet oxidation of ferulic acid, using single metal (Cu), bimetallic (Cu-Ni, Cu-Co and Cu-
Mn), and multimetallic (Cu-Ni-Ce, Cu-Co-Mn, Cu-Fe-Mn) alumina supported catalysts. Cu-Ni-
Ce/Al,03 catalyst was the most active, while Cu-Mn/Al,Os presented the highest stability of the

nine catalysts studied [124].

Heterogeneous catalysts exhibit several advantageous properties not only in terms of easier
separation and recyclability, but also when the oxidation reactions are conducted in the presence
of molecular Oz or aqueous H;0,. Innovative research into heterogeneous catalytic system that
can provide more selective and efficient catalysts under mild conditions in the presence of O,, air
and H;0; has to be encouraged. Furthermore, oxidation is not the only way to valorize lignin,
but constitutes a relevant route for eco-efficient processes, involving several principles of Green

Chemistry such as catalysis, energy efficiency, waste limitation and use of clean processes.
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1.5 Aim and outline of this thesis.

Finding a process for biomass valorization that could be directly adapted to the current
biorefineries represents a challenge. At present, only a small proportion of lignin is used as an
energy source for power generation or in the production of value-added products. It is obvious,
that new systems for the valorisation of lignin are needed to assist the implementation of the

current concept of biorefinery, in a profitable and sustainable way.

The aim of this thesis is to develop new sustainable catalytic technology that allows the lignin
contained in second-generation biomass to be valorized into fuels or chemicals. The focus will be
on the oxidative cleavage strategy used to break lignin bonds and degrade it into smaller units.
For that, fundamental insight is needed to develop new catalytic systems designed specifically
for lignin. In order to achieve the degradation strategy, the catalysts will first be optimized for a

number of small relevant model substrates and then applied to Organosolv lignin.

Due to complexity and variability of lignin, model compounds are needed in order to study lignin
valorization. Chapter 2. outlines these model compounds, and focuses on the development of a
catalytic system for the oxidation of 3-O-4 lignin model compounds, specifically, veratryl alcohol

and guaiacyl glycerol-B-guaiacyl ether.

Lignin pretreatment is an important initial step in a biorefinery operation, separating the principal
components of biomass and related materials. Chapter 3, describes the methods of biomass
pretreatment, with an emphasis on the Organosolv process, the method that was selected in this

research work to obtain lignin from wood.

Chapter 4 describes the results of a study to screen the reaction conditions and catalytic systems
for the oxidation of lignin with molecular oxygen. An efficient two-step valorization route
consisting of a first step oxidative cleavage followed by a second stage hydrogenolysis has also

been studied.

Concluding remarks and key findings of this PhD thesis are summarized in Chapter 5.
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Chapter 2

Catalytic aerobic oxidation of
B-O-4 lignin model compounds

Abstract.

Lignin is a complex polymeric molecule with a high degree of variability, thus making it difficult
to design an effective catalytic system for its valorization. For a better understanding of lignin
chemical transformations, and to simplify the plethora of products obtained therefrom, a wide
number of model compounds have been used. These model compounds contain linkages that
resemble those found in the lignin polymer, with the B-O-4 moiety the most common among
them, and thus their reactivity provides insight into the degradation and reaction of the polymer

structure as a whole [38].

One of the viable methods for the valorisation of lignin and lignin model compounds is oxidative
depolymerisation using environmentally friendly oxidants like O, or H;0,. Oxidative
depolymerisation involves the cleavage of ether bonds, such as -O-4 and other linkages present
in lignin and its model compounds, giving aldehydes or carboxylic acids as products, depending

on the applied reaction conditions [115].

The aim of this chapter is to describe an efficient catalytic system for the aerobic oxidation

of B-0-4 lignin model compounds to simple aromatic chemicals.
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2.1 Introduction.

The catalytic conversion of lignin into bulk chemicals is a possible scenario for the use of this
abundant feedstock. For this purpose, the chemical transformation of lignin or lignin model
compounds, have become increasingly important in the last decade because of their potential
application as supplements or replacements for fossil fuel derived products [23, 38]. Different
strategies have been followed, such as lignin pyrolysis [89-103], lignin hydrolysis [107-109,
125] and catalytic hydrogenolysis reactions [113-114, 126], for the production of value-added
chemicals. One approach that carries considerable potential is the use of catalytic oxidation,
since lignin contains many hydroxyl groups that are susceptible to oxidation and oxidative
depolymerization [115]. Catalytic oxidation of lignin gives various attractive advantages, such
as the production of a wider range of aromatic compounds with additional functionalities

coupled with easy product separation [127].

The complexity and variability of lignin has prompted the use of simpler and lower molecular
weight model compounds to study lignin oxidation reactions. These model compounds serve
several proposes in the study of lignin valorization. They are formed from the linkages and
functional groups found in the lignin polymer, and appear frequently after lignin
depolymerization in the degradation streams. The study of the reactivity of lignin model
compounds provides insights into the reactivity of the lignin molecule itself, helping in the
development of methods for lignin valorisation to obtain high-value chemicals, which are of
great importance in a profitable biorefinery development. In addition, model compounds
often contain only one type of linkage present in lignin, reducing the analytical challenges
and simplifying the catalytic performance in the lignin reaction pathway [38, 104]. There are
many different lignin model compounds grouped by type, usually differing only by the
number and type of functional groups present. It is worthwhile to choose a model that
represent the most abundant interunit linkage in lignin. As stated in Chapter 1. Section 1.4
Lignin., the B-0-4 ether bond comprises above 50% of the monomer linkages in lignin and

is significantly weaker than other bonds [129].
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The oxidative depolymerization of [B-O-4 lignin model compounds has been intensively
discussed in the literature, as it is easier to analyze the reactions of small and well-defined
molecules. This section is divided in two parts, according to the two different model
compounds (Figure 2.1) chosen for the studies in this PhD thesis: veratryl alcohol (VA) and
guaiacyl-glycerol-B- guaiacyl ether (GGGE)
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Figure 2.1. Schematic representation of lignin fragment and the corresponding selection of 3-0-4 lignin
model compo
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2.2 Veratryl alcohol.

As a derivative of coniferyl alcohol, veratryl alcohol or 3, 4-dimethoxybenzyl alcohol, has been
extensively studied in order to understand the chemistry of lignin and explore efficient
transformation routes. One of the directions followed is the oxidation of veratryl alcohol to its
corresponding aldehyde, veratraldehyde(3, 4-dimethoxybenzaldehyde (VAId)) (Scheme 2.1),
which is a useful flavorant and odorant, well-known commercially because its pleasant woody
fragrance. Veratraldehyde formation has been reported using enzymatic and homogeneous

catalytic systems.

/O
Catalyst Catalyst Catalyst
o’ MeOH o~ H20 / MeOH
Air | Ar Air | Ar
~

1,2-dimethoxy-4- Veratryl alcohol Veratraldehyde Veratric acid
(methoxymethyl)benzene (VA) (VAId)
H,O l -CO
o~
~
Veratrol

Scheme 2.1. Catalytic oxidation of veratryl alcohol (VA) to veratraldehyde (VAld) and other products.

In 1987, Kirk and Farrell reported the catalytic enzymatic oxidation of VA to VAId as part of a
study into the microbial degradation of lignin [131]. Later, Diaz-Gonzdlez et al. carried out
extensive studies into the enzymatic oxidation of VA using laccase in the presence of phenolic
compounds as enhances. The yield of VAId was poor, consistently less than 20% [132]. With
optimized reaction conditions, Larson et al. developed an improved laccase mediated oxidation
and gained a yield of 94% isolated VAld [133]. However, while the enzymatic reactions have
demonstrated efficient conversion of lignin model compounds, they also present a number of

drawbacks, which limit their use, such as poor thermal stability, the requirement of a narrow
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range pH, and the need of an enzyme replacement to maintain good activity, due to enzymatic

deactivation [85, 131-133].

As an alternative to the enzymatic transformation of VA to VAId, various homogeneous catalysts have
been tested including porphyrins, Schiff-bases, polyoxometalates and other metal salts in the
presence of stoichiometric oxidants (H20;, t-BuOOH, NaClO, PhlO, KHSOs, etc.) [134-136]. Zucca et
al. reached good yields (up to 90%) of VAId, using M-phorphyrin (M= Mn, Fe or Co) based catalysts at
room temperature in presence of H,0, [136]. By contrast, lower yields of VAld were achieved using
of Co-sulphosalen (<7%) and Co-salen complexes (43%) [137-138]. Several other catalyst systems
based on Co, Cu or Ru salts have also been reported to provide VAld yields in the range 73-84% [139-
140]. Although many homogeneous catalytic systems have been reported with good yields, there are

inherent limitations in the recovery and recycling of the used catalysts.

In contrast to homogeneous catalysts, solid catalyst can be recovered easily from liquid reaction
mixtures; they can be good candidates for recycling if metal leaching is insignificant and can be
used at elevated temperatures. Fan et al. has reported yields up to 95% of VAId at 130 °C,
combining a Ru-imidazole/CuO ionic liquid catalyst system. However, the recyclability of the
catalyst system was not documented [141]. Yamaguchi et al. showed that RuOx supported on y-
Alumina works effective and can be reused in the aerobic oxidation of alcohols in presence of
sulfur, nitrogen and carbon-carbon double bonds [142]. Many studies have demonstrated that
Ru-based catalysts play an important role in hydrogenation and hydrogenolysis reactions [141-
145]. For this reason, Ru-based catalysts are of interesting to investigate in the context of lignin

valorization.

RuOx catalysts supported on silica (Ru/SiOz) and alumina (Ru/Al,0s3) have been prepared,
characterized and examined for the oxidation of VA to VAId with air in aqueous media. Analogous
M/Al,O3 catalysts (M = MnOx, CoOyx, CuOx and AgOx) were also prepared and applied to the VA
oxidation reaction. Important reaction parameters such as temperature, time and solvent effect
were optimized using the Ru/Al,03 catalyst in order to limit the formation of by-products such as
veratrol (Scheme 2.1). The recyclability of the catalyst was further examined by performing

consecutive reaction runs in order to demonstrate the viability of the system.
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2.2.1 Experimental.

2.2.1.1 Materials.

All chemicals were used as received without further purification unless otherwise specified.
Veratryl alcohol (> 96%, VA), veratraldehyde (99%, VAIld), veratrol (99%), manganese(ll)acetate
tetra-hydrate (> 99%), cobalt(ll)nitrate hexahydrate (p.a.), copper(ll)acetate monohydrate (p.a.),
iron(lll)nitrate nonahydrate (p.a.), silver(l)nitrate (p.a.), ruthenium(lV)oxide hydrate (> 99.9%),
ruthenium(lll)acetylacetonate (> 97%), ruthenium(lll) chloride hydrate (>99%), Zirconium(IV)
oxide (99%), magnesium aluminate, spinel (99%), Acetonitrile (99.8%) Methanol (99%) and silica
gel 60 were purchased from Sigma Aldrich. y-Aluminium oxide (> 99%) was provided by Saint
Gobain as a generous gift. Compressed air (~21% oxygen), oxygen (>99.99%) and argon (>

99.99%) was purchased from Air Liquide, Denmark.

2.2.1.2 Catalyst preparation.

The supported catalysts were prepared by wet impregnation. Appropriate amounts of ruthenium or
other metal (manganese, cobalt, copper and silver) precursors were dissolved in water and either alumina,
zirconia, spinel or silica was slowly added to the aqueous solution of metal precursor and stirred for 3 h.
The slurry was then dried at 80 °C overnight in order to remove the water. Finally, the dried catalysts were
calcined at 450 °C for 6 h in static air to get metal oxide (1, 3, 5 wt. % with respect to metal) supported

catalysts. The catalysts were stored in a desiccator and not pre-activated before use.

2.2.1.3 Catalyst characterization

The synthesized catalyst were characterized by nitrogen physisorption and TEM. Nitrogen
physisorption analysis was performed with Micromeritics ASAP 2020 Surface Area and Porosimetry
Analyzer at 77K. The samples were outgassed under vacuum at 200 °C prior to measurement and the
total surface area was calculated according to the Brunauer Emmett Teller surface area (BET)
method. TEM was performed on a FEI Tecnai T20 G2 microscope operated at 200 kV. All the specimens

were dispersed in ethanol and left dry on the TEM grids at room temperature prior to analyses.
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2.2.1.4 Standard oxidation procedure.

Catalytic experiments were performed in an autoclave (Microclave 50 ml reactor, Autoclave Engineers)
charged with an appropriate amount of veratryl alcohol, catalyst (100 mg) and water or methanol (10 ml) as
solvent. The reactor was pressurized with air (5 bars) or argon (20 bars) and heated to the desired reaction
temperature. Mechanical stirring of the reactor (300 rpm) was started when a temperature 20 °C below the
set-point was reached. After the reaction, the autoclave was quenched in cold water and filtered. Aliquots of
the reaction mixture were analysed to GC-FID analysis (Agilent 6890N instrument, HP-5 capillary column 30.0
m X 320 pm x 0.25 um) to quantify the conversion and product yield. The conversions of VA and yields of VAId

were calculated in relation to a series of individual standard solutions. The products were identified by GC-MS.

2.2.2 Results and discussion.

The conversion and vyield of a number of prepared catalysts for the aerobic oxidation of VA to VAId are
compiled in Table 2.1. As expected, blank experiments without catalysts, using alumina and silica alone gave
very poor yields of VAId, confirming that the oxidation reaction did not occur in absence of the active metal
catalyst. An improvement in catalytic activity was observed when Mn/Al,Os was used as a catalyst, giving a

17% yield of VAld. However, the selectivity towards VAld was low (25%), as the conversion of VA reached 69%.

Table 2.1.Testing with different catalysts in water as solvent.

Catalyst BET surface Conversion (%) Product yield (%)
area (m’/g) veratryl alcohol Veratraldehyde Veratrol

Ru/ALLO, (1)’ 166 93 67 3
Ru/ALO, (2)° 152 77 37 <1
Ru/Si0,’ 422 96 46 <1
Mn/AlO, 152 69 17 <1
ALO, 204 46 3 0
Sio, 472 59 3 0
- - 34 2 0

Reaction conditions: 100 mg VA, 100 mg catalyst (5 wt% with respect to metal), 10ml water, 160 OC, 5 bar Air, 5 h.
° Catalyst prepared using ruthenium(IV) oxide hydrate precursor.

b
Catalyst prepared using ruthenium(lll) acetylacetonate precursor.
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When Ru/Al;03 (2) catalyst made with ruthenium (1) acetylacetonate, was applied, the yield of
VAIld increased significantly from 17 to 37%. The VAIld yield favorably improved to 67%, when
Ru/Al;03 (1) made from ruthenium (IV) oxide hydrate was used. Both Ru/Al,O3 catalysts were
subjected to surface area measurement and microscopic studies. As shown in Table 2.1, the
surface area of Ru/Al;03 (1) and Ru/Al;,03(2) did not show significant differences. However, TEM
studies showed a substantial change in the particle size of the Ru/Al,Os catalysts, as shown in
Figure 2.2. The TEM images showed that the RuOx particle size for Ru/Al;O3 (1) ranged between
20-30 nm, and Ru/Al,O3 (2) contained particles ranging from 100-200 nm, 5-10 times larger than
Ru/AlLOs (1). As can be seen, the size of the particles apparently plays a very important role in
the conversion of VA to VAIld, and the choice of Ru precursor has a big impact on the particle size

produced.

Figure 2.2. High-resolution TEM images of (left) 5 wt. % Ru/Al,0s (1) and (right) 5 wt. % Ru/Al,0s (2).

When the support was changed from alumina to silica, the yield decrease from 67 to 46% from
Ru/Al,0Os (1) to Ru/SiO; after 5 h. Large differences were also measured in surface areas of the

two catalysts.
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In the case of by-product, veratrol (Scheme 2.1) in reaction with VA and Ru catalysts, very poor yields, less
than 3% were found, even at temperatures below 160°C as shown in Figure 2.3, where the vyield of all
products decreased with temperature. Previous reports in the literature showed that Ru-based catalysts are
efficient for decarbonylation of aromatic and aliphatic aldehydes [146-147]. The pH of the reaction mixture
was measured before and after the reaction. Here a change from pH 7-8 before reaction to pH 5-6 after
reaction was found. This change in the pH values indicate the formation of veratric acid, which was observed
in previous studies [148]. Veratric acid could not be detected by our GC, GC-MS and HPLC equipment, so in
order to evaluate how veratric acid and veratrol formation occurred during the reaction in water, the
reaction time was prolonged to 20 h. Results are summarized in Table 2.2, and in the accompanying time-

course study on Figure 2.4.

100% 93%

81%
80%

67%
62%

60%
49% 48%

40%

20%

0,
3% <1% 1%

0% —
160 °C 140°cC 120°cC

B VA Conversion (%) HEValdyield (%) M Veratrol yield (%)

Figure 2.3. Temperature study for VA conversion into VAld with Ru/Al,O3(1) in water, 5h
(Each set of data are from individual experiments).

A 69% yield of VAId, along with 21 % yield of veratrol and full conversion of VA, were achieved using
Ru/Al0s (1), with the VAId yield practically the same as that obtained after 5 h of reaction. In the case of
Ru/SiO,, the VAId yield was around 69% with less than 1% for veratrol, along with quantitative VA

conversion after 5h. The other metal supported alumina catalysts gave lower VAld yields, from 5 to 26%
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2.2 Veratryl alcohol

with less than 6% yield of veratrol. The time-course study (Figure 2.4) showed an excellent 89% VAId yield
after about 8 h reaction, at which point the veratrol yield was less than 2%. Prolonged time reactions
showed an increase in veratrol yield at the expense of VAId yield, corroborating the idea that veratrol is
formed by decarbonylation of VAId. A separate experiment using VAId as substrate, resulted in a very low

yield of veratrol (<2%) after 5 h, in line with the time course-study result.

Table 2.2. Testing with different catalysts in water as solvent.

Catalyst BET surface Conversion (%) Product yield (%)
area (m’/g) veratryl alcohol Veratraldehyde Veratrol

Ru/ALLO, (1)° 166 >99 69 21
Ru/SiO,’ 422 99 69 <1
Mn/ALO, 152 81 23 6
Ag/AlLO, 164 34 26 <1
Co/AlO, 160 61 13 4
Cu/AlLO, 158 >33 5 1

Reaction conditions: 170 mg VA, 170 mg catalyst (5 wt.% with respect to metal), 10ml water, 160 OC, 20 bar Ar, 20 h.
° Catalyst prepared using ruthenium(IV) oxide hydrate precursor.
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Figure 2.4. Time course study for VA conversion into VAld with Ru/Al,03 (1) at 160 °C in water
(each set of data are from individual experiments).
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When water was replaced with methanol as solvent, a drastic reduction in the yield of VAId
with Ru/Al,03 (1) was observed at 160 °C and 20 bar Ar, decreasing from 69% to 22% due
to the formation of the by-product 1, 2-dimethxy-4-(methoxymethyl)benzene (VA-ether)
(Scheme 2.2.)(Table 2.3). The highest yield of VA-ether (67%) was obtained over Ru/SiOa.
Accordingly, the VAId yield was reduced to 10% with the latter catalyst, almost 5 times
lower than the corresponding yield in water with 5 bar of Air and 20 h reaction (Table 2.2.
and 2.3). The presence of Oz in the reaction, promoted the conversion of VA to VAId, instead
of dehydrogenation, which was favored under Ar atmosphere. In addition, when the
reaction was performed in methanol under 5 bar air, no improvement in VAld yield (15%)
was observed, confirming that water was the preferred solvent for the aerobic oxidation of

VA to VAld.

Table 2.3. Testing with different catalysts in methanol as solvent and argon

Product yield (%)

Catalyst BET surface Conversion (%)
area (mz/g) veratryl alcohol Veratraldehyde Veratrol VA-Ether

Ru/ALO, (1)’ 166 90 22 17 36
Ru/Si0,’ 422 96 10 <1 67
Mn/ALO, 152 47 24 <1 22
Ag/Al0O, 164 89 2 22 34
Co/Al0, 160 56 7 6 16
Cu/AlL0, 158 56 13 8 37

Reaction conditions: 170 mg VA, 170 mg catalyst (5 wt.% with respect to metal), 10ml methanol, 160 °C, 20 bar Ar, 20 h.

° Catalyst prepared using ruthenium(IV) oxide hydrate precursor.
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O HO O
Catalyst Catalyst
g M 0~ MeOH o~
~ Ar Al ~
1,2-dimethoxy-4- Veratryl alcohol Veratraldehyde

(methoxymethyl)benzene

Scheme 2.2. The conversion of veratryl alcohol to its corresponding ether (VA-ether).

To determine the viability of the catalytic system, the catalyst Ru/Al,Os (1) was subjected
to recyclability studies in the VA oxidation reaction (Figure 2.5). After each reaction run,
the catalyst was collected by filtration, and thoroughly washed with water. Subsequently,
the before recovered catalyst was dried overnight at 80 °C and finally calcined at 450 °C
over 6 h for being used in the later reaction. Unfortunately, the conversion of VA
decreased after three reaction cycles from 93% to 65%, and the yield of VAId, also reduced
from 67% to 34%, meaning the VAId selectivity slayed above 50%. The reduction in the
catalytic activity could be a consequence of the loss of the catalyst during the separation
or due to an increase in the particle size of ruthenium during the additional calcinations,

as earlier observed in supported Ru catalysts [149].
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Figure 2.5. Reuse of Ru/Al,03 (1) catalyst for three consecutive VA oxidation reactions (reaction
conditions: VA to catalyst mass ratio = 1.04, 10 ml of water, 5 h, 160 °C).

After the consecutive reactions, the Ru/Al;03 (1) catalyst was subjected to surface area
measurements. There was an increase in the BET surface area of about 20%, from an
original 166 m?2/g to about 201 m?/g, which is more akin to the surface area of the alumina
support alone, 204 m?/g. The combination of loss of activity, and the increase in surface
area may indicate the possibility of Ru leaching from the support to the reaction solution.
However, Ru leaching from this type of catalyst under similar conditions has previously

been considered a minor problem [149-150].
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2.3 Guaiacyl glycerol-B-guaiacyl ether.

The vast majority of the methods focused on the oxidation of lignin and associated model
compounds employ harsh conditions, afford products with low yield or selectivity, or use
simple model compounds, such as veratryl alcohol. The use of dimeric lignin model
compounds containing -0-4 linkages, which represent the most common substructures
in lignin, helps to gain a better understanding of the reactivity and selectivity of some
motifs found in lignin, as well as how specific bonds, such -0-4, can be broken [38].
Recent studies have begun to make progress in the catalytic aerobic oxidation of more
realistic lignin model compounds, such as guaiacyl glycerol-B-guaiacyl ether (GGGE).
Vanadium catalysts have emerged as being attractive for the homogeneous catalytic
depolymerization of GGGE [151-154]. Son et al. have applied a vanadium-catalyst for the
non-oxidative C-O bond cleavage of dimeric lignin model compounds with conversion over
80% [151]. Recently, alternative vanadium complexes were investigated for the oxidative
C-C bond cleavage of lignin model compounds, showing promising aerobic reactivity. The
vanadium catalysts promoted a multistep reaction that can afford C-C and C-O cleavage
products [152-153]. Beyond these applications, Zhang et al. have used similar vanadium
based catalysts to evaluate the ability of different complexes to mediate the oxidative C-
C bond cleavage of a dimeric 3-0-4 lignin model compound [154]. In order to reduce the
complexity and number of steps in the aforementioned studies, Rahimi et al., have
developed an organocatalytic method using 4-acetamido-TEMPO as catalyst, for a
chemoselective aerobic oxidation of secondary benzylic alcohols in GGGE. The treatment
of benzylic ketones with H,0; afforded 88% yield of veratric acid together with a 42% yield
of guaiacol [155-156]. However, despite the advances achieved in homogeneous catalysis
in the selective cleavage of C-C and C-O bonds, recyclability and separation of catalysts

and products, remain as issues to be solved in this field of catalysis.
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The oxidative depolymerization of GGGE has been useful for developing an insight into
lignin depolymerization. Based on the previous studies of the catalytic aerobic oxidation of
veratryl alcohol, a simpler 3-O-4 lignin model compound, this part of the research has been
focused on establishing a catalytic system for the selective oxidation of the dimeric 3-0-4
lignin model compound, GGGE, for the production of high-value chemicals (guaiacol,
vanillin, vanillic acid). Scheme 2.3 represents the reaction pathway followed. Different
catalysts have been prepared and characterized. The efficiency of RuOx supported on v-
alumina (Ru/Al>03), silica (Ru/SiO3), zirconia (Ru/ZrO3), spinel (Ru/Spinel) and HY(6)
(Ru/HY(6)) for the oxidation of GGGE to guaiacol, vanillin and vanillic acid using a mixture
of 20% oxygen in argon and acetonitrile have been examined. Analogous M/Al,Os catalysts
(M =MnOy, AgOx, CoOyx, CuOx and FeOyx) have also been prepared and applied to the
oxidation reaction. Important parameters such as catalyst loading, temperature and time
have been optimized in order to increase the selectivity to the desirable products (Schema
2.3). The recyclability of the catalyst was further examined by performing consecutive

reaction runs to demonstrate the viability of the system.

HO
HO o
Catalyst
-
Acetonltrlle
@) O +Ar
o
GGGE Guaiacol Vainillin Vanillic acid
Mw= 320,34 Mw= 124,14 Mw= 152,15 Mw= 168,15

Scheme 2.3. Aerobic catalytic oxidation of guaiacyl glycerol-B-guaiacyl ether (GGGE) to guaiacol,
vanillic acid, vanillin and other products.
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2.3.1 Experimental.

2.3.1.1 Materials.

All chemicals were used as received, and without further purification unless otherwise specified.
Guaiacyl glycerol-B-guaiacyl ether (>99%) was prepared from acetovanillone through a multiple
step synthesis route, using a reported procedure [106]. Vanillin (99%), vanillic acid (99%),
manganese(ll)acetate tetra-hydrate (> 99%), cobalt(ll)nitrate hexahydrate (p.a.), copper(ll)acetate
monohydrate (p.a.), iron(lll)nitrate nonahydrate (p.a.), silver(l)nitrate (p.a.), ruthenium(IV)oxide
hydrate (> 99.9%), ruthenium(lll)acetylacetonate (> 97%), ruthenium(lll) chloride hydrate (>99%),
Zirconium(IV) oxide (99%), magnesium aluminate, spinel (99%), Acetonitrile (99.8%) Methanol (99%)
and silica gel 60 were purchased from Sigma Aldrich. y-Aluminium oxide (> 99%) was provided by Saint
Gobain as a generous gift. Compressed air (~21% oxygen), oxygen (>99.99%) and argon (>99.99%) was

purchased from Air Liquide, Denmark.

2.3.1.2 Catalyst preparation.

The supported catalysts were prepared by wet impregnation. Appropriate amounts of ruthenium or
other metal (manganese, cobalt, copper and silver) precursors were dissolved in water and either alumina,
zirconia, spinel or silica was slowly added to the aqueous solution of metal precursor and stirred for 3 h.
The slurry was then dried at 80 °C overnight in order to remove the water. Finally, the dried catalysts were
calcined at 450 °C for 6 h in static air to get metal oxide (5, 3 or 1 wt. % with respect to metal) supported

catalysts. The catalysts were stored in a desiccator and not pre-activated before use.
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2.3.1.3 Catalyst characterization

The synthesized catalyst were characterized by nitrogen physisorption and TEM. Nitrogen
physisorption analysis was performed with Micromeritics ASAP 2020 Surface Area and Porosimetry
Analyzer at 77K. The samples were outgassed under vacuum at 200 °C prior to measurement and the
total surface area was calculated according to the Brunauer Emmett Teller surface area (BET)
method. TEM was performed on a FEl Tecnai T20 G2 microscope operated at 200 kV. All the specimens

were dispersed in ethanol and left dry on the TEM grids at room temperature prior to analyses.

2.3.1.4 Standard oxidation procedure.

The catalytic aerobic oxidation of GGGE was typically conducted in an autoclave (Microclave 50 ml
reactor, Autoclave Engineers) charged with an appropriate amount of guaiacyl glycerol--guaiacyl
ether (GGGE), catalyst (40 mg) and acetonitrile (10 ml) as solvent. The reactor was pressurized to 5
bar with a mixture of 20% oxygen and argon, and heated to the desired reaction temperature.
Mechanical stirring of the reactor (300 rpm) was started when a temperature 20 °C below the set-
point was reached. After the reaction, the autoclave was cooled down in cold water and filtered. An
aliquot of the reaction mixture was analysed by HPLC analysis performed using an Agilent® 1200
series instrument equipped with an Agilent C-18 column ( 15 cm length) in order to quantify the yield
and conversion. The eluent was in all cases a 60 vol. % aqueous acetonitrile solution. The conversions
of GGGE and yields of products were calculated in relation to a series of individual standard solutions.

The products were identified by GC-MS.
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2.3.2 Results and discussion.

Different metal oxide catalysts were tested for the aerobic oxidation of GGGE in acetonitrile, and
results are show in Table 2.4. Initially, blank experiments were carried out using no catalyst or
alumina support in place of the catalyst. Poor yields of guaiacol (<15%) and very poor yields of
vanillin (<1%) and vanillic acid (<1%) were obtained. The results confirmed that a catalytically

active metal was needed to oxidize GGGE.

Table 2.4. Oxidation of GGGE over various supported catalyst in acetonitrile.

Product yield (%)

Catalyst BET surface  Conversion (%)
area (m’/g) GGGE Guaiacol Vanillin  Vanillic acid

Ru/Al0, (A)’ 148 >99 28 11 11
Ag/AlLO, 164 >99 27 10 8
Fe/Al,O, 154 92 23 7 4
Mn/AlO, 152 >99 21 8 8
Cu/Al0, 158 >99 9 3 <1
Co/Al,03 160 >99 18 1 <1
ALO, 204 73 15 <1 <1
Blank - 70 11 <1 <1

Reaction conditions: 10 ml (0.017 M GGGE in acetonitrile), 12 mol % catalyst/substrate, 160 °C, 5 bar (20% Oxygen + Ar), 20 h.

aCatalyst prepared using ruthenium(lll) chloride hydrate precursor.

The yield of guaiacol increased from 15 to 18 % when the Co/Al,03 catalyst was applied in the
reaction. Encouragingly, the guaiacol, vanillin and vanillic acid yields were improved even further
to 21, 8 and 8 %, respectively, for the Mn/Al,O3 catalyst. In comparison, the activity of the
Mn/Al,Os catalyst was much lower than Ag/Al,Os, resulting in yields of 27% guaiacol, 10% vanillin

and 8 % vanillic acid.
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When Ru/Al,0s3 (A) catalyst made with ruthenium (ll) chloride hydrate was applied, the yields of guaiacol
and vanillin increased by 1% in each case in relation to the yield obtained with the Ag/Al,Os catalyst. In

addition, the vanillic acid yield favorably improved until 11%.

It is well documented in the literature that the metal loading present in a metal oxide based
catalyst can have a significant effect on the structural, physical and catalytic properties of the
catalyst being developed [157-159]. Ru/Al,Os3 catalysts with varying Ru loadings were synthesized
and examined for the conversion of GGGE to guaiacol, vanillin and vanillic acid, results are show

in Table 2.5.

The highest yield of guaiacol (28%), vanillin (11%) and vanillic acid (11%) were reached with a 5
wt. % (with respect to the metal), Ru/Al;03 (A) made with ruthenium(lll) chloride hydrate. The
catalysts with 3 wt. % and 1 wt. % respect to the metal gave the lowest yields of guaiacol at 20%
and 18%, respectively. For both catalysts the yield of vanillin was 8% and vanillic acid 6%. Hence,

as expected, the yields of products increased with increasing Ruthenium loading.

Table 2.5. Oxidation of GGGE over different loadings for the Ru/Al>Os (A) catalyst in acetonitrile.

Product yield (%)

Catalyst BET surface  Conversion (%)
area (mZ/g) GGGE Guaiacol Vanillin  Vanillic acid
5 Ru/ALO,(A)° 148 >99 28 11 11
3 Ru/ALO, (A)’ 160 >99 20 8 6
1 Ru/Al,0, (A)° 157 >99 18 8 6

Reaction conditions: 10 ml (0.017 M GGGE in acetonitrile), 40 mg catalyst, 160 °C, 5 bar (20% Oxygen + Ar), 20 h.

: Catalyst prepared using ruthenium(lll) chloride hydrate precursor. 5 wt. % with respect to metal

bCatalyst prepared using ruthenium(Ill) chloride hydrate precursor. 3 wt. % with respect to metal

CCataIyst prepared using ruthenium(lll) chloride hydrate precursor. 1 wt. % with respect to metal
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BET surface area of the synthesized catalysts remained constant at approximately 160 m?g™ for
the catalyst below 5 wt. % (Table 2.5). A higher ruthenium loading used in Ru/Al,O3 (A), led to a
decrease in the BET surface area to 148 m?g?, possibly due to the increased acidity of RuCls
solution during catalyst synthesis, which may have changed the Al,Os support. Alternatively,
RuOx particles may block the Al,Os pores and therefore reduce the observed BET surface area of

the catalyst.

TEM images of the fresh and used Ru/Al;Os catalysts with 1, 3 and 5 wt. % ruthenium loading are
presented in Figure 2.6. The catalysts with 5 wt. % ruthenium loading revealed the presence of Ru
containing nanoparticles. The nanoparticles observed had characteristic straight edges; they were
trapeze or rod shaped and appeared to be darker than the surrounding Al,O3 support (as be expected
for elements with high atomic masses observed by TEM) suggesting the presence of Ru. The observed
nanoparticles were 7-60 nm in length. However, there may be many smaller particles or amorphous
Ru containing regions that could not be measured. In comparison to the 5wt. % catalyst, Ru/Al,0s (A),
the catalysts with lower Ru loadings appeared to contain larger nanoparticles with more variation
length at 20-100 nm for 1 wt. % Ru/Al,03 (A) and 50-100 nm for 3 wt. % Ru/Al,Os (A). It is therefore
likely that each nanoparticle contains more than one crystallite. The same three Ru/Al,Os catalysts,
were also analyzed by TEM after reaction, showing approximately the same sized RuOx nanoparticles
as those observed in the corresponding fresh Ru/Al,O3 catalysts, suggesting that no appreciable
change in the RuOx particle size had ocurred following one catalytic run using GGGE (Figure 2.6). The
nanoparticles observed in the ruthenium catalysts appear to be similar to RuOx nanoparticles

observed in literature [160].

The discovery that the Al;O3 support was active for the conversion of GGGE under the reaction
conditions inspired the synthesis and catalytic testing of a number of catalysts varying the support
material, including SiO;, Spinel, ZrO, and HY(6), see Table 2.6. Although by no means an exhaustive
study, none of the alternative catalysts synthesized yielded any significant improvement in activity or
selectivity for the conversion of GGGE into guaiacol, vanillin and vanillic acid. Therefore, it was

decided to continue with Ru/Al,Os catalyst for further studies, as these gave the highest yields.
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Chapter 2. Lignin model compounds

Figure 2.6. High-resolution TEM catalysts images of (up-left) Ru/Al,O; (A1) fresh, (up-right) Ru/Al,O3 (A1)
used, (medium-left) Ru/Al,O3 (A3) fresh, (medium-right) Ru/Al,O3 (A3) used, (down-left) Ru/Al,Os (A) fresh,
(up-right) Ru/Al,03 (A) used.
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Table 2.6. Oxidation of GGGE over different loadings for the Ru/Al>Os (A) catalyst in acetonitrile.

Product yield (%)

Catalyst Conversion (%)
GGGE -
Guaiacol Vanillin Vanillic acid

Ru/AL0, (A) >99 28 11 11
Ru/SiO; >99 22 7 10
Ru/Spinel >99 20 12 8
Ru/HY (6) >99 15 8 9
Ru/ZrO2 >99 20 9 8

Reaction conditions: 10 ml (0.017 M GGGE in acetonitrile ), 40 mg catalyst (5 wt. % with respect to metal),
160 °C, 5 bar (20% Oxygen + Ar), 20 h.
Catalysts prepared using ruthenium(lll) chloride hydrate precursor.

Three different precursors were also used for the preparation of Ru/Al,03 catalysts results
are shown in Table 2.7. The lowest product yield was obtained by Ru/Al,O3 (B) made using
ruthenium (lll) acetylacetonate as the Ru precursor. An improvement was observed when
ruthenium (Ill) chloride hydrate was used as precursor for the production of the catalyst
Ru/Al>03 (A). The yield of guaiacol increase from 24% to 28% when we use Ru/Al,03 (A)
instead of Ru/Al,O3 (B) and in the case of vanillin and vanillic acid, yields goes from 9% and
3% respectively with Ru/Al;03 (B), to 11% of vanillin and 11% of vanillic acid when Ru/Al,03
(A) was applied. Surprising results were achieved when Ru/Al;03 (C) (made with ruthenium
(IV) oxide hydrate) was tested; the yield of guaiacol was improved even further to 34%, and

vanillin to 13%. The yield of vanillic acid remained at 11%.
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Table 2.7. Oxidation of GGGE over ruthenium catalysts made with different precursors.

BET surface ] Product yield (%)
Catalyst area (mz /e) Conversion (%)
GGGE . . Vanillic

Guaiacol Vanillin )
acid

Ru/Al0, (A)’ 148 >99 28 11 11

Ru/AL0, (B)’ 152 >99 24 9 3
Ru/AL0, (C)° 166 >99 34 13 11

Reaction conditions: 10 ml (0.017 M GGGE in acetonitrile ), 40 mg catalyst (5 wt. % with respect to metal),
160 °C, 5 bar (20% Oxygen + Ar), 20 h.

aCatalyst prepared using ruthenium(lll) chloride hydrate precursor.

b
Catalyst prepared using ruthenium(lll) acetylacetonate precursor.

CCataIyst prepared using ruthenium(lV) oxide hydrate precursor.

In order to understand the discrepancy in activity between the Ru/Al,03; catalysts
synthesized with the three different precursors, the catalysts were subjected to surface
area measurement and microscopes studies. As shown in Table 2.5 BET surface area of the

Ru/AlO, (A) made with ruthenium(lll) chloride hydrate precursor gave approximately 148
m2g, Ru/AlL,O, (B) made with ruthenium(lll) acetylacetonate precursor displayed 152 m2g
1 and 166 m?gtin the case of Ru/Al O, (C) made with ruthenium(IV) oxide hydrate. It can

be concluded that no significant differences in the surface area of these three catalyst were
found. However, a considerable change in the particle sizes of the Ru/Al,03 catalysts was
observed from TEM images (Figure 2.7). The microscopic studies showed that Ru/Al,O3 (C)
contained RuOx particle between 7 to 60 nm, whereas Ru/Al,03 (A) had less variation in the
RuOx particle size, with particles ranging from 40-60 nm. In the case of Ru/Al,03 (B), the
particle size was 5-10 fold larger than Ru/Al,Os (B), ranging from 100-200 nm. This
suggested that RuOx particle size played a significant role in determining the conversion of
GGGE to guaiacol, vanillin and vanillic acid, demonstrating the importance of choosing a

suitable metal precursor when preparing active Ru/Al,03 catalysts.
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2.3 Guaiacyl glycerol-B-guaiacyl ether

Figure 2.7. High-resolution TEM catalysts images of (left) Ru/Al,Os (A), (middle) Ru/Al,03 (B),
and (right) Ru/Al,03 (C).

It is important to emphasize that when determining the mass balance of the reaction, it has been

assumed that two molecules of guaiacol are formed per molecule of GGGE used (Scheme 2.3).

One of these guaiacol molecules could be formed from vanillin decarbonylation in the reaction,

as has been previously reported in the literature [161-162]. In order to verify the possibility of

guaiacol production from vanillin a separate experiment was carried out using vanillin as the

reagent (Scheme 2.4). Three of the best metal oxide catalyst previously synthesized and tested

were used in this study, Ru/Al,0s, Mn/Al>O3 and Ag/Al>Os. Results are shown in Table 2.8.
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Table 2.8. Vanillin conversion into Guaiacol for Ru/Al,0s (C), Ag/ Al,O3 and Mn/Al,Os catalysts.

Product yield (%)

Catalyst BET surface Conversion (%)

area (m’/g) Vanillin Guaiacol Vanillic acid
Ru/Al,0, (C)° 166 58 3 6
Mn/Al,Os 157 25 <1 <1
Ag/Al,03 164 30 1 <1

Reaction conditions: 30 mg vanillin in acetonitrile, 12 mol % catalyst/substrate, 160 °C, 5 bar (20% Oxygen + Ar), 20 h.

aCatalyst prepared using ruthenium(lV) oxide hydrate precursor.

The aerobic oxidation of vanillin resulted in poor yields of guaiacol for the three catalysts tested
after 20 h of reaction. Ru/Al,03(C) gave the highest yield to products, with a vanillin conversion
of 58 %, however only 3% was converted to guaiacol. Due to the production of guaiacol in the
reaction, it was confirmed that the decarbonylation could be achieved with the corresponding

ruthenium catalyst.

The influence of the pressure on the catalytic conversion of GGGE using Ru/Al,Os (C) has been
analyzed in different atmospheres, and solvents (Table 2.9). The first three experiments (1-3)
have been tested in pressure tubes, using water as solvent at 140 °C over a 20 hour reaction
period. Results showed that in air, argon and oxygen atmospheres, without any added pressure,
the catalytic conversion of GGGE to guaiacol, vanillin and vanillic acid was inefficient. The highest
yield was produced with an air atmosphere in water, and yielded 22 % of guaiacol and almost no
vanillin or vanillic acid. In addition, it was found that without pressure and water as the solvent,
no conversion to vanillin or vanillic acid took place, and a very poor yield of guaiacol was achieved.
Experiments 4 to 6 were conducted in an autoclave, with acetonitrile as solvent at 160 °C. It has
been reported in the literature that guaiacol can be formed from the hydrolysis of 3-O-4 lignin
model compounds similar to GGGE [163]. Therefore, experiment 4 was carried out under 20 bar
of argon to examine the product formation in the absence of oxygen. A poor yield of guaiacol
(24%), a very poor yield of vanillin (3%) and no production of vanillic acid was obtained.

Accordingly, the presence of oxygen was shown to be a requirement for the production of vanillin
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2.3 Guaiacyl glycerol-B-guaiacyl ether

and vanillic acid, and also improved the guaiacol yield. Consequently, experiment 5 was carried
out in air, and experiment 6 in a mixture of 20% oxygen in argon. Results did not show significant
differences between these two experiments, as the amount of oxygen in both was approximately
equal. In addition, a 34% guaiacol yield, a 13% vanillin yield and a 11% guaiacol yield were

achieved with 20% oxygen and argon.

Table 2.9. GGGE conversion over different atmosphere pressure.

. Product yield (%)
Conversion (%)

Experiment Media Solvent Atmosphere GGGE . — p—
Guaiacol  Vanillin acid
1 Press. tube H.O Air >99 22 1 <1
2 Press. tube H.O Ar >99 12 <1 <1
3 Press. tube H,0 (o]} >99 15 <1 <1
4 Autoclave CH3CN 20 bar Ar >99 24 3 <1
5 Autoclave CH3CN 5 bar Air >99 32 11 11
6 Autoclave CH5CN 5 bar (20% 0,) >99 34 13 11

Reaction conditions: Ru/Al>03 (C) made with ruthenium(IV) oxide hydrate precursor. 12 mol % catalyst/substrate
v2% 36 GGGE, 140 °C, 20 h.
“>® 10 ml (0.017 M GGGE), 160 °C, 20 h.

The effects of reaction temperature on the formation of guaiacol, vanillin and vanillic acid
was studied in the range 120 to 200 °C, and the results are shown in Figure 2.8. The
conversion of GGGE increased gradually in the range of 120 — 160 °C, to full conversion. In
the temperature range from 120 to 160 °C, the effect on yield is significant. The maximum
product yield was obtained at 160 °C. When the temperature increased to 180 °C and 200
°C, full conversion of GGGE was observed, but the yield of products decreased significantly

due to the possible deactivation of the Ru/Al,Os (C) catalyst at higher temperatures. The
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temperature affects the yield in two opposite ways. On the one hand, the conversion of
GGGE increased with increasing temperature, which was favorable for enhancing the yield
of the products. On the other hand, elevating the temperature above 160 °C also promoted
the deactivation of the catalyst and could also promote the occurrence of side reactions.
The competition of these two factors resulted in the maximum yield of guaiacol (34 %),

vanillin (13%) and vanillic acid (11%) being achieved at 160 °C.
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Figure 2.8. Temperature study for GGGE conversion into with Ru/Al>03 (C).
Reaction conditions: 10 ml 0.017 M GGGE solution in CH3CN; 40 mg catalyst (5 wt. % metal),
20 h, 5 bar (20 % O, + Argon). Each set of data on the time axis is from individual experiments.

In order to examine in more details the way in which guaiacol, vanillin and vanillic acid
formation develop during the reaction with Ru/Al,O3 (C) in acetonitrile, the reaction time was
prolonged to 30 h, and the results are summarized in the time-course study on Figure 2.9.
The results showed that good yields of guaiacol (34%), vanillin (13%) and vanillic acid (11%)

were reached after about 20 h of reaction. The time-course study further revealed that at
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2.3 Guaiacyl glycerol-B-guaiacyl ether

least 4 hours were needed for the production of vanillic acid to be observed. Furthermore, If
the reaction time was increased to 30h, the yield of products declined dramatically, in the
case of guaiacol to 21% vanillin to 11% and vanillic acid to 7 %, possibly, due to the occurrence
of side reactions and the formation of byproducts, such as quinone and acetic acid, which are
decomposition products, detected in the analysis by NMR after reaction. However, due to the
low amount of these products comprehensive analysis could not been obtained and reliable

guantification of the yields of these products could therefore not be carried out.
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Figure 2.9. Time-course study for GGGE conversion into with Ru/Al,03(C).
Reaction conditions: 10 ml 0.017 M GGGE solution in CH3CN; 40 mg catalyst (5 wt. % metal), 160°C,
5 bar (20% oxygen + argon). Each set of data on the time axis is from individual experiments.

Catalyst recyclability is important for the viability of a catalyst system. Accordingly, the Ru/Al>O3

(C) catalyst was subjected to reuse studies in the GGGE oxidation reaction (Figure 2.10). After
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each run, the catalyst was recovered by filtration, thoroughly washed with acetonitrile, dried

overnight at 60 °C, and finally calcined at 450 °C for 6 h before being used in the next reaction.

The results shown in Figure 2.10 indicate a slight loss of catalyst performance after the fifth
reaction run, resulting in a decrease in the guaiacol yield from 34 to 30%, with vanillin yield
reduction from 13 to 7% and vanillic acid from 11 to 6%. Part of the loss of catalytic activity
could be due to loss of catalyst during the separation or due to the increase in the Ru particle

size during the additional calcinations, as previous observed for supported Ru catalysts [149].

100%

80%

60%

40%

20%
1 2 o 73 4 5

Conversion/Yield (%)

0%
Catalytic runs
B GGGE M Guaiacol MEVanillin M Vanillic acid

Figure 2.10. Reuse of Ru/Al,03 (C) catalyst for five consecutive GGGE oxidation reaction in acetonitrile.
Reaction conditions: GGBGE to catalyst mass ratio: 1.30, solvent: acetonitrile, 160 °C, 20 h, 5 bar (20% O + Ar).
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The used Ru/Al;,03 (C) catalyst was subjected to TEM studies, and the results are displayed in
Figure 2.11. As expected, the Ru/Al;Os (C) contain relative larger nanoparticles, with defined
straight edges, after five consecutive runs. Hence, the used catalyst appeared to contain larger
nanoparticles and with less variation in length than the ones found in the fresh one. RuOx particle
sizes for the fresh catalyst ranged from 7-60 nm, and after five runs from 30 to 100 nm. The
differences in RuOx particles may have affected the catalyst activity for the GGGE conversion,

in the same way as was observed for the Ru/Al,03 catalysts made from different precursors.

Figure 2.11. High-resolution TEM catalysts images of (left) Ru/Al,0s; (C) fresh, and (right)
Ru/Al,03 (C) after 5 uses.
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2.4 Summary

Two different 3-0-4 lignin model compounds (VA and GGGE) were tested in an oxidation reaction
and attempted converted into high-value chemicals, such as VAId (useful flavorant and odorant),
guaiacol (precursor to various flavorants, such as eugenol and vanillin, and medically used as
expectorant, antiseptic and local anesthetic), vanillin (flavoring agent, vanilla, in foods, beverages

and pharmaceuticals) and vanillic acid (food additive).

Different catalysts containing transition metals (Mn, Co, Cu, Ag and Ru) supported on Al,O3 and
SiO2 have been tested in the oxidative transformation of veratryl alcohol (VA) in a batch reactor.
The Ru/Al;Os catalyst prepared with ruthenium (IV) oxide hydrate showed superior catalytic
activity, yielding 89% VAIld in water at 160 °C with 5 bar air pressure after an 8-hour reaction.
Prolonged reaction times led to the formation of the by-product, veratrol, from the
decarbonylation of VAld. When the reaction was completed with methanol as solvent under 20
bar of argon, the VA-ether prevailed, yielding 36% and indicating that methanol helped to
prevent the oxidation of the hydroxyl group in VA. The Ru/Al,Os catalyst, prepared with
ruthenium (IV) oxide hydrate was reused in three consecutive runs in water, but a decrease in
VAId vyield was obtained after the third cycle, possibly due to leaching of Ru from the support.
The unsatisfying recyclability is a major drawback as a water-tolerant and stable supported
catalyst is needed for the implementation of the Ru/Al,03 catalyst in more complex lignin model

compounds and lignin valorization.

The catalytic oxidative transformation of guaiacyl glycerol-B-guaiacyl ether (GGGE), a dimeric
[-0-4 lignin model compound, to produce simpler aromatic compounds (guaiacol, vanillin
and vanillic acid) using metal supported catalysts was further examined in a bath reactor with
acetonitrile as solvent. The Ru/Al,03 catalyst, prepared using ruthenium (IV) oxide hydrate
gave the highest yields of guaiacol (34%), vanillin (13%) and vanillic acid (11%) with full
conversion of GGGE in acetonitrile at 160 °C under 5 bar of 20% oxygen in argon. Analogous
catalysts prepared with ruthenium (lIl) chloride hydrate and ruthenium (lll) acetylacetonate

gave lower product yields, which could be correlated to the RuOx particle size measured by
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TEM. A large variation in the RuOy particle size was observed for the catalysts prepared with
ruthenium (ll) chloride hydrate, whilst large particles were found in the Ru/Al,Os catalysts
made with ruthenium (lll) acetylacetonate. Different loadings of Ru/Al,Os catalyst were
examined and the yield of products increased with ruthenium loading. Catalyst containing other
transition metals (Ag, Fe, Mn, Co and Cu) supported on alumina, and ruthenium catalysts
based on alternative supports (silica, spinel, HY (6) and zirconia) gave significantly lower
activities compared to Ru/Al,Os catalysts when using identical reaction conditions. The
Ru/Al;03 catalyst, prepared with ruthenium (IV) oxide hydrate was used in five consecutive
reaction runs in order to test its recyclability, demonstrating that the catalyst is easy to

regenerate and recycle.

Future work concerning catalyst optimization may involve the development of Ru/Al,Os
catalysts that display higher activity and selectivity, and a process which results in less Ru loss

during the reaction.
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Chapter 3

Organosolv process
for wood depolymerization

Abstract.

This chapter describes the use of an environmentally friendly process, the organosolv process,
for treating lignocellulosic biomass in the presence of a solvent and using reaction conditions
under which at least part of the lignin is separated from the biomass. The solvent (ethanol-water)
ratio, and the use of different catalysts and temperatures have been studied in order to optimize
the organosolv process for the delignification of birch and beech sawdust (hardwood) and

subsequent production of high-quality lignin for further upgrading.

3.1 Introduction.

The organosolv process, as described in Chapter 1, is a chemical process that can be used to
separate lignin and other useful materials from biomass. The organosolv process typically
involves the use of organic solvents at high temperature and pressure, in order to separate
the fibers contained in lignocellulosic materials. In general terms, the organosolv process
involves boiling the raw material in a solution or bleach, in order to solubilize a great part of
lignin, causing fibers to disintegrate, and be released in a suspended form. In addition, the
organosolv process has a low environmental impact as the recovery of solvents is simple, and
the process is operated in the absence of sulfur compounds, in contrast to other processes

such as kraft lignin or lignosulfonates [60-67].

The solvents used are varied: ethanol, methanol, other aliphatic alcohols, aromatic alcohols,

ketones, carboxylic acids, or amides. The use of methanol and ethanol are of great interest
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because of their lower cost, high volatility and the attractive properties obtained in the resulting

lignin.

Organosolv processes can be classified as acidic or basic, depending on the pH of the reaction

medium [164].

Acidic media.

The simplest organosolv processes are carried out at neutral pH. High temperatures cause
hemicellulose degradation into organic acids (mainly acetic acid) that acidify the medium to a pH
between 3 and 4. These processes are autocatalyzed. The acidic environment causes breakdown
of the polysaccharides and lignin monomers. However, these autocatalyzed processes offer good

delignification only for hardwood pulps and herbaceous angiosperms [165].

Some methods typically focus on the addition of strong inorganic acids such as H,SO4 or HCI, as
catalyst. This increases the acidity of the system, leading to a reduction in the temperature and
pressure required to obtain good delignification. The recovery of the solvents in the process is

simple (Figure 3.1) [165-166].

Solvent recycling

Lignocellulose —)
Solvent — ) Cooking > Lignin »| Solvent | Hemicellulose (H)
Process Separation Separation
Water (+ catalyst) ——
Cellulose (C) Lignin (L)

Figure 3.1. Fractionation of lignocellulosic biomass by organosolv process [166]

The best-known autocatalyzed process is the Alcell Process, which uses a 50% v/v ethanol/water

mixture. The operating temperature is around 195 — 200 °C, with a process time of 60 min and a
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liquid/solid ratio of 6:1 to 7:1. The Alcell process is especially applicable for hardwood, but also

to bagasse and straw [60, 166].

Lignin exhibits better solubility in pure solvents (alcohol), but organic solvent-water mixtures
provide higher delignification. This is because some water is needed to force the acidification of
the medium released by dissociation of the acid. Acidification of the medium will be more

pronounced the larger the ratio of water with respect to the acid.

Excess acidity can cause hydrolysis of the polysaccharides and thus a loss of selectivity, yield and
viscosity, besides giving rise to condensation and subsequent precipitation of the dissolved lignin

pulp, causing the so called redeposition [164-166].

Alkaline media.
These processes can be considered as variants of the conventional alkaline processes
(lignosulphonate, Kraft, soda pulping) in which different proportions of organic solvents have

been introduced [166]

One example of an alkaline organosolv-process is the Organocell process, which uses methanol
(5-30vol. %) and soda (17-20 vol. %) in a first step, followed by a second step using anthraquinone
(0,1 vol. %). This process, unlike the Alcell process, is applicable to softwood. Typically, the
reaction requires temperatures between 155 and 170 °C, with a process time of 60-120 min and

a liquid/solid ratio of about 4:1 [62].

The main advantage of alkaline over acidic processes is that they are effective for the treatment
of softwoods as well as hardwoods, but solvent recovery is more complex since the alkali used

must be retrieved [166].

This section of the thesis focuses on the optimization of an acidic organosolv process, similar to
the Alcell process. As part of the process optimization, different inorganic acids have been tried
as catalysts, as well as different ethanol-water ratios, liquid-solid ratios and reaction
temperatures. The aim of the process optimization was to optimize the degree of delignification
and produce a better quality lignin product, based on the ratio of binding of -O-4 and

phenylcoumaran to resinol.
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3.2 Experimental.

3.2.1 Materials.

All chemicals were purchased from Sigma-Aldrich as received, and without further purification unless
otherwise specified. Birch sawdust was provided by Dalian Institute of Chemical Physics (DICP), China, as
a generous gift. Beech sawdust was acquired from Dansk Traemel. Compressed nitrogen (>99.99%) and

argon (>99.99%) were purchased from Air Liquide, Denmark.

3.2.2 Characterization techniques.

NMR spectroscopy
1H-13C HSQC NMR spectra were recorded on an 800 MHz Bruker (Féllanden, Switzerland) Avance
spectrometer. Sensitivity enhanced H-3C HSQC spectra were acquired with narrow spectral width in the

indirect dimension using the standard Bruker pulse sequence.

Lignin (40 mg) or reaction mixture was dissolved in 0.5 mL of DMSO-d6. The spectra were interpreted
according to values published in the excellent report by Wen et al. [167]. The signal intensity before and
after treatment of the lignin material were normalized relative to the signal the of protons in the aromatic
region (6F1 = 100-125 ppm, 6F2 = 7.5- 6.0 ppm) as the intensity of the aromatic protons was expected to
remain unchanged during the cleavage reaction. Analysis was performed according to Bolm et al. [168],
with minor modifications. For the quantification of the bond types present in the material, the following

signals were used: Aa, AB, Ay, Ba, Bf3, By, Ca,, CB3, and Cy (Figure 3.2)
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Figure 3.2. 2-D NMR spectrum (HSQC experiment) for organosolv lignin (A1). The lignin structures identified
are: (A) B-0-4' substructure; (B) B-5’, a-0-4' phenylcoumaran substructure; (C) B-B' resinol substructure.
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3.2.3 Modified Organosolv process procedure

The raw materials were dried at 60 °C under vacuum for 48 h. The desired amount of wood was
then dispersed in the solvent and charged to an autoclave (Microclave 50 ml reactor, Autoclave
Engineers). The reactor was pressurized with argon (20 bar) or nitrogen (20 bar). The mixture
was then heated to the required temperature (over 30 min heating program) and maintained at
that temperature for 200 minutes with mechanical stirring (300 rpm). After the reaction, the
autoclave was quenched in cold water and cooled down to room temperature. The suspension
obtained was filtered and the solid washed three times with a 20 mL portion of the solvent used

in the reaction.

The reaction filtrate was stirred slowly, and twice the volume of water was added to the solution,
causing the precipitation of light yellow floccules. The precipitate was centrifuged and dried at

60 °C under vacuum for 24 hours. All the components were weighed and analyzed.

Raw material Wood Sawdust

; Ethanol-Water
Dry 60 °C-48 h (+catalyst)

\
. Cellulose

;. & w  Centrifugation
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H>0 addition Filtrate
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l Dry Lignin

- =

=)

60 °C — 24h

Figure 3.3. Scheme of the organosolv procedure followed.
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3.3 Results and discussion.

Two different kinds of wood, birch (A1) and beech (A2) sawdust were subjected to the organosolv
process, in the absence of a catalyst, using 30 mL solvent (50% ethanol, 50% water) at 180 °C., with
a solid/liquid ratio of 1/16. Results are shown in Table 3.1. The amount of each of the main
components of lignocellulosic biomass obtained after wood depolymerization was measured by
weight, and the percentages of cellulose, hemicellulose and lignin were calculated with respect to
the weight of wood used. Figure 3.4 shows 2D-NMR spectra of the organosolv lignin extracted from
birch sawdust (A1) and beech sawdust (B1). The spectra showed that the carbohydrate content was
very low. Birch sawdust (A1) gave 56 wt. % cellulose, 22 wt. % hemicellulose and 8 wt. % lignin.
When beech sawdust (B1) was used, the percentage of lignin acquired decreased significantly to 3%.
However, literature reports state that the maximum lignin percentage contained in beech wood is
21% and around 30% in birch wood [169]. Despite the major differences obtained in lignin yield
from the delignification of these two types of wood, it was decided to continue using beech wood

for this thesis, as it comes from Denmark, and is therefore easier to obtain.
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Figure 3.4. 2-D NMR spectrum (HSQC experiment) for Al organosolv lignin (left) and B1 organosolv lignin (right).
The lignin structures identified are: (A) B-O-4' substructure; (B) B-5', a-0-4' phenylcoumaran substructure; (C) -
B’ resinol substructure.
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Table 3.1. Results of different organosolv procedures. Changing in ethanol-water ratio, and catalyst.

Total wt. % from wood
Solvent

EtOH/H.0 Catalyst Ratio of binding

Experiment Type of

wood A:C:B
(vol. %/vol. %) Cellulose Hemicellulose Lignin
Al Birch 50/50 - 56 22 8 3.62:1:0.85
B1 Beech 50/50 - 60 29 3 3.06:1:0.90
B2 Beech 50/50 H2S04 53 30 7 3.22:1:0.83
B3 Beech 60/40 H>S04 57 27 8 343:1:0.79
B4 Beech 80/20 H2S04 79 18 1 2.01:1:0.49
Acetic
B5 Beech 60/40 Acid 60 30 3 3.26:1:0.85

Reaction conditions: 5 g of Dry wood, 30 ml solvent. The mixture was heating to 180 °C (30 min heating program)
and maintained for 200 min at 300 rpm, 20 bar Argon
Catalyst 0,0005M H,SO4; 0.5 mM acetic acid.

Ratio of binding: A:C:B represents 3-O-4 : Resinol : Phenylcoumaran

Experiments B1 and B2 were conducted using beech sawdust with 30 mL solvent (50 vol. %
ethanol, 50 vol. % water) at 180 °C, and a solid/liquid ratio of 1/16 (Table 3.1). H,SO4 was
added during experiment B2 in order to increase the acidity of the system and facilitate the
delignification process. As expected, when H2SO4 was present in the system, the percentage
of lignin increased from 3 to 7 wt. %. Analysis of the NMR spectra (Figure 3.5.) showed that
the carbohydrate component was consistently very low. NMR analysis also provided
information regarding the amount of binding in lignin, as the proportion of B-O-4 groups

was higher for experiment B2 (3.22) than B1 (3.06).

The B-0-4 ratio of binding is of great importance for subsequent lignin upgrading processes,

as shown in Chapter 2 of this thesis in which B-0-4 lignin model compounds have been
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Organosolv process for wood depolymerization

used. The use of H;SO4, as catalyst in the organosolv process demonstrated a significant
improvement in the delignification of beech wood. For this reason, it was decided to
continue to use H;SO4 as catalyst in the organosolv process, and vary the ethanol-water
ratio in order to improve the delignification process for the beech sawdust. Three different
ratio (vol. %/vol. %) of ethanol-water were tested, 50/50 (B2), 60/40 (B3) and 80/20 (B4),
and the 2D-NMR spectra from organosolv lignin extracted over H,SO4 are showed in Figure
3.5. The carbohydrate content was very low, as can be seen in the correspondent 2D-NMR
spectra. The lowest amount of lignin (1%) was obtained by using 80 vol. % ethanol. The
cellulose content in experiment B4 was 79%. As seen previously in Chapter 1 of this thesis,
the maximum cellulose content in woody plants is around 50 to 60 %. Results shown in
Table 3.1 suggest that not all the lignin has been extracted meaning an amount of the
lignin fraction has been retained in the cellulose component, suggesting that the ratio of
solvent used (80 vol. % ethanol) was not adequate for complete lignin extraction. The
amount of lignin extracted increased significantly to 8 wt. % when 60 vol. % ethanol was
applied, and no great difference was observed when 50 vol. % ethanol was used (7% lignin).
When the NMR spectra for experiments B2 and B3 (Figure 3.5) were compared, the ratio
of B-0O-4 binding increased from 3.22 for B2 to 3.44 for B3. The use of acetic acid instead
of sulfuric acid was tested with 30 mL solvent (60 vol. % ethanol, 40 vol. % water) at 180
°C, and a solid/liquid ratio of 1/16; results are shown in experiment B5 (Table 3.1 and
Figure 3.5). Acetic acid (B5), had a lower delignification power than sulfuric acid (B3). Only
3 wt. % of lignin was obtained, a small amount compared to the 8% achieved when using
H2S04. The B-0-4 binding ratio in experiment B5 (3.26) showed no improvement over that
of experiment B3 (3.43), demonstrating that H,SOs was a better option for the

delignification of beech sawdust.
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Figure 3.5. 2-D NMR spectrum (HSQC experiment) for organosolv lignin over H,SO4: B2 (top-left),
B3 (top-right) and B4 (bottom-left), and for organosolv lignin over Acetic acid B5 (bottom-right).
The lignin structures identified are: (A) B-0-4' substructure; (B) B-5', a-0-4' phenylcoumaran
substructure; (C) B-B' resinol substructure
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Organosolv process for wood depolymerization

The process was scaled up from 5 to 50 g of beech wood. Table 3.2 shows the results of
the larger scale experiments using 0.5 mM H,S04 as catalyst, with 60 vol. % ethanol, 40
vol. % water as solvent with a 200 min reaction period under 20 bar of nitrogen. The ratio
of solid/liquid and the temperature were varied in order to study their effect on the
organosolv treatment. Figure 3.7 shows 2D-NMR spectra from organosolv lignin extracted in the

scaled up process. The spectra showed that the carbohydrate content was very low.

Experiment C2 and C3 can be used to compare the effect of the solid/liquid ratio (m/v) on
the lignin yield. Experiment C2, which used 1/6 solid/liquid ratio (m/v) produced 17 wt. % of
lignin after the organosolv process. In experiment C3, only 14 wt. % of lignin was obtained
when a 1/12 ratio solid/liquid (m/v) was used. Nonetheless, when the ratio of binding in
experiments C2 and C3 were compared, it was discovered that C3 showed a higher ratio of
-0-4 binding (3.24) than C2 (3.03). Hence, the ratio of solid/liquid (m/v) was kept at 1/12,

and temperature was varied from 160 to 200 °C; Table 3.2, experiments C1, C2 and C3.

In experiment C1 a temperature of 200 °C was used for the organosolv treatment. 13 wt. %
of lignin was obtained from this reaction, with a B-0-4 ratio of 2.90 and a phenylcoumaran
ratio of 0.62, attained from the NMR spectrum (appendix). When the temperature was
reduced to 180 °C (C3), the amount of lignin increased to 14 wt. %, and the ratio of 3-0-4
binding improved to 3.24, while the ratio of phenylcoumaran decreased to 0.49. Experiment
C4 was carried out at 160 °C, and resulted in a low yield of lignin of only 9%. However, when
the ratio of binding was analyzed (appendix), it was found that a significant improvement in
the B-0-4 binding ratio was achieved (3.68), with a decrease in the ratio of phenylcoumaran

to 0.38.

Lignin C2 gave the highest amount of lignin (17 wt. %) and lignin C4 presented the highest
-O-4 ratio of binding of all the lignin polymers obtained from the organosolv treatment
developed. Therefore these lignin materials were selected for use in further studies of lignin

depolymerization (Chapter 4).
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3.3 Results and discussion

Table 3.2. Scale-up organosolv process. Optimization of temperature and solid/liquid ratio.

Experiment Temperature Solid/Liquid Lignin Ratio of binding
(°C) Ratio (m/v) (wt. %) A:C:B

Cc1 200 1/12 13 290:1:0.62

C2 180 1/6 17 3.03:1:0.79

C3 180 1/12 14 3.24:1:0.49

c4 160 1/12 9 3.68:1:0.38

Reaction conditions: 50 g of Dry beech wood with ethanol-water 60/40 v/v. The mixture was heating
to T °C (30 minutes heating program) and maintained for 200 min at 300 rpm, 20 bar Nitrogen
Catalyst 0.5 mM H,SO4

Ratio of binding: A:C:B represents 3-O-4 : Resinol : Phenylcoumaran
The lignin materials obtained in the larger scale organosolv experiments had different colors

and textures, as can be seen in Figure 3.6. However, no link could be made between the

appearance of the lignin material obtained and the reaction conditions used.

Lignin C1 Lignin C2 Lignin C3 Lignin C4

- o
— = | A

Figure 3.6. Organosolv lignin obtained from C1 to C4.
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Figure 3.7. 2-D NMR spectrum (HSQC experiment) for the organosolv lignin obtained in the scale-
up processes: C1 (top-left), C2 (top-right), C3 (bottom-left) and C4 (bottom-right).

The lignin structures identified are: (A) B-O-4’ substructure; (B) B-5', a-0O-4’ phenylcoumaran
substructure; (C) B-pB' resinol substructure
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3.4 Summary

3.4 Summary

Two different kinds of wood have been used in the organosolv treatment. Birch sawdust
gave the highest amount of lignin and a better ratio of B-0-4 binding than beech sawdust.
However, beech sawdust was chosen for use in further experiments due to its higher
availability in Denmark. Different organosolv pretreatment parameters have been tested
for beech sawdust in the process, including catalyst, ratio of ethanol-water, temperature

and ratio of solid-liquid.

The highest amount of lignin (17% wt. %) was obtained in an organosolv process using 0.5
mM H,S04 as catalyst, with 60 vol. % ethanol, 40 vol. % water as solvent, a reaction time
of 200 min and a pressure of 20 bar of nitrogen, with a solid/ liquid ratio of 1/6 at 180 °C.
The B-0-4 ratio of binding was improved to 3.68 when the temperature was changed to

160 °C, and the solid/liquid ratio to 1/12.
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Chapter 4

Organosolv lignin
oxidation and hydrogenolysis

Abstract.

This chapter describes a catalytic process for the valorization of lignin (C2 and C4 organosolv
lignin as described in chapter 3) using a mixture of methanol (80 vol. %) and water. A two-
step catalytic system was tested for the organosolv lignin produced: catalytic oxidation,
followed by hydrogenolysis. A catalytic system was found for lignin hydrogenolysis and the
influence of the temperature and reaction time was studied for the catalytic oxidation of

lignin.

4.1 Introduction.

Currently, over 98% of lignin is burned as a source of energy [170]. While the small scale
production of low-value lignin products exists (epoxy resins, polyurethane foams, circuit
boards, dispersants, car brakes, etc.), the absence of high-value commercial products is
mainly due to the large heterogeneity of the lignin molecular structure and the lack of
efficient methods for its valorisation. Nevertheless, lignin is regarded as the only
renewable source for the production of high-volume aromatic compounds for the
chemical industry [72-81]. Considering that over 70 million tons of lignin are produced
annually, accrued as a byproduct in the manufacture of pulp, the fact that lignin does not
compete in the production of food is highly advantageous, as it does not cause
detrimental social or ecological consequences. Furthermore, the declining oil resources
have made the conversion of lignin into high-volume and low-molecular weight aromatic

compounds a subject of worldwide scientific interest [54].
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Lignin oxidation and hydrogenolysis

Heterogeneous catalytic oxidation reactions can help in the production of the more
complex platform aromatic compounds with additional functionalities, coupled with easy
product separation. Moreover, hydrogenolysis of lignin is one of the most promising
methods for lignin depolymerization, producing high yields of phenols. However, the
majority of academic research work is focused on the oxidation and hydrogenolysis of
model compounds, so more studies should be conducted using native lignin. Obtaining
useful chemicals from lignin is challenging due to its high level of complexity compared to

the simplest model compounds previously studied (see Chapter 1 and 2).

Establishing a process for lignin valorization that could be directly adapted to the
biorefineries currently in operation represents a real challenge. Thus, this chapter intends
to explore alternative technologies, that have not been previously applied to catalytic
lignin valorisation. In this respect, a two step catalytic process has been developed,
involving the oxidative depolymerization of lignin followed by hydrogenolysis of the

oxidation products obtained.

Ni supported on silica (Ni/SiOz), mordenite (Ni/HMOR) and magnesia (Ni/MgO) have been
prepared and tested in the hydrogenolysis of organosolv lignin (Chapter 3) with H; in a

mixture of methanol (80%) and water.

The efficiency of RuOx supported on y-alumina (Ru/Al,03), silica (Ru/SiO2), zirconia
(Ru/Zr0y), spinel (Ru/Spinel), mordenite (Ru/HMOR) and HY(6) (Ru/HY(6)) has been tested
for organosolv lignin oxidation. Analogous M/AI,03 catalysts (M = MnOyx, and FeOx) were
also prepared and applied in the oxidation reaction. After the lignin oxidation reaction,
catalytic hydrogenolysis was carried out. Important reaction parameters for the oxidative

depolymerization of lignin, such as temperature and reaction time were optimized.

86



4.3 Results and discussion

4.2 Experimental

4.2.1 Materials.

All chemicals were purchased from Sigma Aldrich, and used as received, without further
purification unless otherwise specified. Lignin C2 and C4 were prepared from beech sawdust
using the organosolv procedure described in Chapter 3. y-Aluminium oxide (> 99%) was provided
by Saint Gobain as a generous gift. Compressed oxygen (>99.99%) and argon (> 99.99%) was

purchased from Air Liquide, Denmark.

4.2.2 Catalyst preparation.

Excess solution impregnation was used to prepare the supported catalysts. Appropriate amounts
of ruthenium or other metal (manganese, and iron) precursors were dissolved in water and either
alumina, zirconia, spinel, magnesia, HY(6), HMOR or silica was slowly added to the aqueous
solution of metal precursor and stirred for 3 h. The slurry was then dried at 80 °C overnight in
order to remove the water. Finally, the dried catalysts were calcined at 450 °C for 6 h in static air
to produce metal oxide (5 wt. % with respect to metal) supported catalysts. The catalysts were

stored in a desiccator and were not pre-activated before use.

4.2.3 Oxidation and hydrogenolysis of lignin

In a typical catalytic reaction, methanol (80 vol. %) in water was added into a 50 mL autoclave
(Parr 4843) with an appropriate amount of lignin and catalyst (50 mg). Afterwards, the reactor
was flushed three times with the reactant gas mixture: oxygen/argon (20 bar) or hydrogen (30
bar). Mechanical stirring of the reactor (1000 rpm) was started when the temperature reached
20 °C below the set-point. After the desired reaction time, the autoclave was rapidly cooled,
depressurized and the products analyzed by GC-FID (Agilent 6890N instrument, HP-5 capillary
column 30.0 m x 320 um x 0.25 um) and by NMR spectroscopy (See 4.2.5 Characterization
techniques). The products were identified by GC-MS.
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Lignin oxidation and hydrogenolysis

4.2.4 Oxidation followed by hydrogenolysis.

Catalytic oxidation experiments were performed in an autoclave (Parr 4843, 50 mL reactor
autoclave) charged with an appropriate amount of lignin, catalyst (100 mg) and mixture of
methanol (80%) in water as solvent (20 mL). The reactor was pressurized with oxygen ( 8 bar) and
heated to the desired reaction temperature. Mechanical stirring of the reactor (1000 rpm) was
started when the temperature reached 140 °C. After the reaction (5 h), the autoclave was rapidly
cooled and depressurized. 10 mL of the product solution was then set aside for hydrogenolysis

and the rest separated for analyses.

The 10 mL portion of the oxidation product solution was added into a 50 mL autoclave (Parr 4843)
with an appropriate amount of catalyst (50 mg). Afterwards, the reactor was flushed three times
with hydrogen (20 bar). Mechanical stirring of the reactor (1000 rpm) was started when the
temperature reached 160 °C. After 5 h, the autoclave was rapidly cooled, depressurized and the
products analyzed by GC-FID (Agilent 6890N instrument, HP-5 capillary column 30.0 m x 320 um
x 0.25 um) and by NMR spectroscopy (following the procedure in 4.2.5 Characterization

techniques). The products were identified by GC-MS.
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Figure 4.1. Scheme for oxidation followed by hydrogenolysis experiments.
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4.3 Results and discussion

4.2.5 Characterization techniques.

NMR spectroscopy
1H-13C HSQC NMR spectra were recorded on an 800 MHz Bruker (Fillanden, Switzerland) Avance
spectrometer. Sensitivity enhanced 'H-'3C HSQC spectra were acquired with narrow spectral

width in the indirect dimension using the standard Bruker pulse sequence.

After lignin oxidation or hydrogenolysis, the reaction mixture was dissolved in 0.5 mL of DMSO-
d6. NMR spectra were interpreted using assignments made by Wen et al. [167]. The signal
intensity before and after treatment of the lignin material were normalized relative to the signal
of the protons in the aromatic region (6F1 = 100-125 ppm, 6F2 = 7.5- 6.0 ppm) as the intensity of
this signal is expected to remain unchanged during the cleavage reaction. Analysis was performed
according to Bolm et al. [168], with minor modifications. For the quantification of bond types
present in the material, the following signals were used: AA, AB, Ay, Ba, Bf3, By, Ca, C3, and Cy

(Figure 4.1). All NMR-spectra are shown in the Appendix A.
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Figure 4.1. 2-D NMR spectra (HSQC experiment) for organosolv lignin obtained in Chapter 3, C2 (left), C4 (right).

The lignin structures identified are: (A) B-O-4' substructure; (B) B-5', a-0-4’ phenylcoumaran substructure; (C)
B-B’ resinol substructure.
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4.3 Results and discussion

Several promising studies have been reported on the use of the hydrogenolysis process for the
depolymerization of native lignin into monomeric phenols using alcoholic solvents and nickel-
based catalysts [113, 126, 130, 171-173]. In addition, organosolv lignin can be solubilized in an
80% methanol/ water solution at 60 °C. Hence, the catalytic hydrogenolysis reactions were
performed by dissolution of the organosolv lignin (Chapter3), in a mixture of methanol (80%) and

water over three different nickel-based catalysts, the results of which are shown in Table 4.1.

When the Ni/MgO catalyst was used in the hydrogenolysis of C2 organosolv lignin (ratio of
binding 3.03:1:0.79), a decrease in the -0-4 (from 3.03 to 2.07) and phenylcoumaran (from 0.79
to 0.69) interunit was observed, which was poor in comparison to other catalysts tested. After
Ni/SiO2 was applied in the hydrogenolysis of organosolv lignin C2, the ratio of binding motifs 3-
0O-4: resinol: phenylcoumaran was 1.89:1:0.68, indicating that 38% of the 3-O-4 linkages and 14%
of the phenylcoumaran had been cleaved. Encouragingly, 42% of the [-O-4 binding motifs
present in the untreated organosolv lignin C2 were cleaved during the hydrogenolysis over
Ni/HMOR catalyst, and the 2D-NMR spectra can be seen in Figure 4.2. As one of the aims was to
perform the cleavage of the 3-O-4 bond (Chapter 2), the hydrogenolysis catalyst, Ni/HMOR, that

cleaved the highest amount of -O-4 linkages, was chosen for further studies.

Table 4.1. Hydrogenolysis of organosolv lignin over various nickel supported catalysts

. Ratio of binding
Experiment Catalyst

A:C:B
H1 Ni/SiO; 1.89:1:0.68
H2 Ni/MgO 2.07:1:0.69
H3 Ni/HMOR 1.76:1:0.74

Reaction conditions:

Hydrogenolysis: 100 mg lignin, 100 mg catalyst, 20 ml solvent (80 vol. % MeOH and water),
30 bar Hy, 180°C, 5 h

Native lignin C2 (Chapter 3) — Ratio of binding (A: C:B)3.03:1:0.79

Ratio of binding: A : C: B represents 3-0-4 : Resinol : Phenylcoumaran
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Figure 4.2. 2-D NMR spectrum (HSQC experiment) for organosolv lignin C2 before (left) and
after hydrogenolysis over Ni/HMOR, experiment H3 (right).

The lignin structures identified are: (A) B-0O-4' substructure; (B) B-5’, a-0-4' phenylcoumaran
substructure; (C) B-B' resinol substructure

With a successful ether bond cleavage method established for 3-0-4 model compounds
(Chapter 2), it was decided to test the depolymerization method on organosolv lignin.
This method consisted of a first step, involving the oxidative depolymerization of
organosolv lignin C2, and a second stage in which the oxidized reaction products were
subjected to hydrogenolysis in the presence of the previously described Ni/HMOR
catalyst (Table 4.1), that worked best for the [B-O-4 linkage cleavage in catalytic

hydrogenolysis of organosolv lignin.

Different metal oxide catalysts were tested for the first step (oxidation of organosolv
lignin), and results can be seen in Table 4.2. Initially, an experiment was carried out
using silica stead of a catalyst (L11), which resulted in very poor degradation of 3-0-4
binding motif as expected, decreasing from 3.03 to 2.49 (18%) after the first step, and
to 1.87 after the second step. In addition, the phenylcoumaran interunit degraded by

11% after the first step and 26% after the second (Table 4.2). These results revealed
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Lignin oxidation and hydrogenolysis

that lignin depolymerization occurred to a very limited degree in the absence of a

catalytically active metal.

When manganese- and nickel-based catalysts (LO8 to L10) were applied to the oxidative
organosolv lignin depolymerization and further hydrogenolysis, it was discovered that the
tandem Mn/Al;03 and Ni/HMOR (L10) produced the highest amount of lignin degradation.
After oxidation over Mn/Al,0s, the ratio was 1.43:1:0.35, and after hydrogenolysis with
Ni/HMOR, the ratio decreased further to 1.40:1:0.33. Favorably, 36% of the 3-0-4 binding
motifs present in the C2 organosolv lignin were cleaved during the oxidation process over

Fe/Al,03 (LO7) and over 55% after the second step, hydrogenolysis with Ni/HMOR.

Due to the favorable results obtained in the cleavage of the 3-0O-4 model compounds (Chapter
2), it was decided to test ruthenium-based catalysts to enhance the catalytic oxidation of
organosolv lignin (LO1 to L06), and the results are shown in Table 4.2 of the ruthenium based

catalysts tested two stand out: Ru/Al,03 (LO6) and Ru/SiO; (LO1).

After the organosolv lignin oxidation over Ru/Al,03 (L06), the B-O-4 binding motif was
degraded from a binding ratio of 3.03 to 1.45 (52 %) after the first step, and to 1.33 (56 %)
after the second step (Figure 4.4). Furthermore, the phenylcoumaran interunit degraded
from 0.79 to 0.53 (33 %) after the first step, and to 0.32 (59 %) after the second step.
Encouragingly, 56 % of the -0-4 binding motifs present in the C2 organosolv lignin were
cleaved during the oxidation process over Ru/SiO2 (LO1) and around 57% after the second
step, hydrogenolysis with Ni/HMOR, as can be seen in the 2D-NMR spectra showed in Figure
4.3. Nevertheless, the phenylcoumaran interunit practically did not degrade after the first

step, and 46% degradation was achieved after the hydrogenolysis reaction over Ni/HMOR.
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4.3 Results and discussion

Table 4.2. Two steps oxidation and hydrogenolysis of organosolv lignin over various supported catalyst.

OXIDATION HYDROGENOLYSIS
Experiment

Oxidation Ratio of binding Hydrogenolysis Ratio of binding

Catalyst A:C: B Catalyst A:C:B
LO1 Ru/Si02 1.34:1:0.78 Ni/HMOR 132:1:043
LO2 RU/ZFO2 1.53:1:0.49 Ni/HMOR 1.52:1:0.43
LO3 Ru/Spinel 1.87:1:0.48 Ni/HMOR 1.79:1:0.46
LO4 Ru/MOR 1.55:1:0.38 Ni/HMOR 141:1:0.38
LOS Ru/HY(6) 1.68:1:0.37 Ni/HMOR 1.47:1:0.36
LO6 Ru/AlQ, 1.45:1:0.53 Ni/HMOR 1.33:1:0.32
LO7 Fe/Al,O, 1.95:1:0.38 Ni/HMOR 1.36:1:0.38
LO8 Mn/MOR 1.56:1:0.46 Ni/HMOR 1.55:1:0.45
LO9 Mn/SiOZ 1.57:1:0.40 Ni/HMOR 143:1:0.38
L10 Mn/AlO, 1.43:1:0.35 Ni/HMOR 1.40:1:0.33
L11 Sio, 249:1:0.70 SiO, 1.87:1:0.58

Reaction conditions:
Oxidation: 100 mg lignin, 100 mg catalyst, 20 ml solvent (80 vol. % MeOH and water), 8 bar O3,
160°C, 5 h

Hydrogenolysis: 10 ml oxidation solution, 50 mg catalyst, 20 bar Hy, 180°C, 5h

Native lignin C2 (Chapter 3) — Ratio of binding (A:C:B) 3.03:1:0.79
Ratio of binding (A:C:B) represents -O-4:Resinol:Phenylcoumaran
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Figure 4.3. 2-D NMR spectrum (HSQC experiment) for organosolv lignin C2 before (top) and
after oxidation over Ru/SiO; (left) and hydrogenolysis over Ni/HMOR, experiment LO1 (right).
The lignin structures identified are: (A) B-O-4’ substructure; (B) B-5’, a-0-4' phenylcoumaran
substructure; (C) B-B' resinol substructure
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Figure 4.4. 2-D NMR spectrum (HSQC experiment) for organosolv lignin C2 before (top) and
after oxidation over Ru/Al,03 (left) and hydrogenolysis over Ni/HMOR, experiment LO6 (right).
The lignin structures identified are: (A) B-O-4’ substructure; (B) B-5’, a-0-4' phenylcoumaran

substructure; (C) B-B' resinol substructure
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Lignin oxidation and hydrogenolysis

The effect of reaction temperature on the oxidative lignin depolymerization followed by
hydrogenolysis was studied in the range of 160 to 200 °C, with a pressure of 20 bar of 20%
oxygen in argon for the first step (oxidation), with a fixed temperature of 180 °C with 30
bar H, for the second step (hydrogenolysis). As seen in the previous studies, Ru/Al,Os3 gave
the highest degradation of 3-0-4 and phenylcoumaran binding motifs, and was therefore
selected for testing in the temperature variation study. Organosolv lignin C4, which had a
ratio of binding motifs B-O-4 : resinol : phenylcoumaran of 3.68 : 1.00: 0.62 (Table 4.3), was

used as the lignin reagent.

Table 4.3. Temperature study for two-step lignin depolymerization over Ru/Al,Os catalyst.

Experiment Oxidation Ratio of binding
Temperature (°C) A:C:B
T1 160 1.79:1:0.24
T2 180 143:1:0.26
T3 200 1.14:1:0.38

Reaction conditions: Catalyst: Ru/Al,Os (5 wt. % respect to the metal)

Oxidation: 50 mg lignin, 50 mg catalyst, 10 ml solvent (80 vol. % MeOH and water),
20 bar (20% Oz + Ar), 5 h.

Hydrogenolysis: 10 ml oxidation solution, 50 mg catalyst, 30 bar Hy, 180°C, 5h
Native lignin C4 (Chapter 3) — Ratio of binding (A:C:B) 3.68 : 1: 0.62

Ratio of binding: A:C:B represents [3-O-4 : Resinol : Phenylcoumaran

It has been demonstrated that an increase in the temperature of the oxidation step,
caused an increase in the degradation of the 3-O-4 interunit after the two steps. After
oxidation at 200 °C (T3) with methanol (80%) in water as solvent, under a pressure of 20
bar (20 % Oz + Ar) followed by hydrogenolysis at 180 °C with a pressure of 30 bar H using
Ru/Al,Os3 as catalyst, the original ratio of the organosolv lignin C4 (3.68:1:0.62) changed
to 1.14:1:0.38. Hence, 69% of the B-0O-4 bonds, and 39% of the phenylcoumaran linkages

96



4.3 Results and discussion

present in the untreated organosolv lignin C4 were cleaved during the process. However,
most phenylcoumaran degradation occurred at the lower oxidation temperature (160 °C),
with the binding ratio decreasing from 0.62 to 0.24. Figure 4.5 shows 2D-NMR spectra from

organosolv lignin C4 and further oxidation and hydrogenolysis over Ru/Al,0O3 catalyst at 160 °C.

The influence of the oxidation time on the binding ratio was also studied over Ru/SiO3,
which gave the highest degradation in the 3-O-4 interunit in previous studies, and Ni/SiO,,
which showed promising results in previous lignin hydrogenolysis runs at 160 °C and 20

bar of 20% O in argon. Results are shown in Table 4.4.

C4 Organosolv lignin Experiment T1

2 (opm) g T

[ | A-p-0-4 M B-phenylcoumaran [l C-Resinol

Figure 4.5. 2-D NMR spectrum (HSQC experiment) for organosolv lignin C4 before (left) and
after oxidation and hydrogenolysis over Ru/Al;0; (right).

The lignin structures identified are: (A) B-O-4’ substructure; (B) B-5’, a-0-4' phenylcoumaran
substructure; (C) B-B' resinol substructure
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Lignin oxidation and hydrogenolysis

Originally, a blank experiment (O5) showed very poor degradation of the organosolv lignin
binding groups, with a decrease in the binding ratio from 3.68 to 3.45 (6%) for the 3-O-4
interunit, and from 0.62 to 0.60 (3%) for the phenylcoumaran interunit. Thus, it was
demonstrated that an active metal catalyst was needed to perform the catalytic aerobic
oxidation of organosolv lignin. When Ru/SiO; (01, 02) and Ni/SiO; (03, 04) catalysts were
compared, it was clear that Ru/SiO, showed higher activity in the oxidative degradation of
organosolv lignin (Table 4.4). Focusing on the Ru/SiO; catalyst, it has been shown that after
a 5-hour reaction (01) at 160 °C with 80% methanol in water as solvent, the ratio was 1.98:
1: 0.36, indicating that 46% of the f-0O-4 linkages had been cleaved. When the reaction time
was increased to 20 hours (02) the ratio of binding motifs (B-O-4: resinol: phenylcoumaran)
was 0.89: 1: 0.22 revealing that an increase in reaction time resulted in an increase in the
degradation of the organosolv lignin bonds, as can be seeing in the 2D-NMR spectra showed

in Figure 4.6.

C4 Organosolv lignin Experiment O2

| B-0-4 B B - Phenylcoumaran B C-Resinol

Figure 4.6. 2-D NMR spectrum (HSQC experiment) for organosolv lignin C4 before (left) and
after oxidation over Ru/SiO; (right) after 20 h.

The lignin structures identified are: (A) B-0-4’ substructure; (B) B-5’, a-0-4' phenylcoumaran
substructure; (C) B-B' resinol substructure
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Table 4.4. Influence of time-reaction and catalyst in the oxidative depolymerization of lignin

4.3 Results and discussion

Ratio of binding

i Catalyst
Experiment atalys A:C:B
Oo1° Ru/SiO2 1.98:1:0.36
02b Ru/SiO2 0.89:1:0.22
03° Ni/SiO. 2.53:1:045
04° Ni/SiO. 0.99:1:0.18
05? Blank 3.45:1:0,60

Reaction conditions:
50 mg lignin, 50 mg catalyst, 10 ml solvent (80% MeOH /20% water), 20 bar (20 % O3 + Ar),
160°C-25h. P 20 h.

Native lignin C4 (Chapter 3) — Ratio of binding (A: C:B)3.68:1:0.62

Ratio of binding: A : C: B represents 3-O-4 : Resinol : Phenylcoumaran

Encouraged by the finding that the linkages of both lignin C2 and C4 were cleaved, the

reaction samples were analysed by GC-MS, in order to identify the possible products

obtained. Compounds such as vanillin, guaiacol, catechol were identified, but with a very

poor yields (<1%). Unfortunately, the analysis did not reveal more information regarding

the other compounds formed; in order to identify these an alternative method is required

to characterize the reaction products obtained, such as size exclusion chromatography

(SEC), which was not available for the project.
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Lignin oxidation and hydrogenolysis

4.4 Summary

The oxidative depolymerization of organosolv lignin followed by a catalytic hydrogenolysis, has
been developed as a two-step depolymerization process for lignin degradation. Different
catalysts have been tested with the highest degradation degree achieved with the tandem
Ru/SiO; — Ni/HMOR, with 57 % of the B-O-4 binding motifs, and 46% of the phenylcoumaran
interunit present in organosolv lignin cleaved. The effect of the oxidation reaction temperature
was also studied for the two-step process, and it was revealed that at a higher temperature, the

lignin binding motifs degraded further.

In order to improve the oxidation step, the reaction time was studied over the Ru/SiO2 catalyst.
When the reaction time was prolonged to 20 hours an increase in the degradation of the
organosolv lignin linkages ocurred. 76 % of the [-O-4 binding motifs, and 64 % of the

phenylcoumaran interunit present in organosolv lignin were cleaved in this case.

Although GC, GC-MS and HPLC analyses were carried out in order to identify more of the products
obtained, no further identifications could be made. Alternative methods, such as size exclusion

chromatography are required to investigate this further.
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Chapter 5

Conclusion

The results presented in this thesis contributed to study the potential of lignin to become
the renewable aromatic resource for chemical industry in the future. While the need for
energy and raw materials is increasing, the depletion of fossil fuels and the severity of the
environmental challenge are growing; consequently, there is an urgent need for an
alternative renewable resource, which is as efficient and effective as possible. Biomass,
which formally is CO2 neutral, displays great potential as a resource for energy and

chemical production.

Lignocellulosic biomass consists mainly of three components, cellulose (carbohydrate
polymers), hemicellulose, and lignin (aromatic polymers). The conversion of
lignocellulosic biomass are envisaged to take place in biorefineries, which are analogous
to petrochemical refineries. However, all the components of lignocellulosic biomass must
be valorized in order to make a biorefinery profitable. Whilst several commercial
processes have been developed for the valorization of cellulose and hemicellulose
fractions, the lignin fraction has received less cattention, and processes for its valorization

are still under development.

Lignin is a complex amorphous polymer with many chemical functionalities and a
structure that varies from plant to plant. The pretreatment method used for the
extraction of lignin is also known to affect the structure of the polymers produced.
However, despite the complex structure of lignin, the phenyl propane units of which it is
composed make it a potentially rich source of phenolic compounds for chemical

production.

Lignin depolymerization with selective bond cleavage is an important challenge for

converting it into value-added chemicals. The catalytic transformation of lignin can be
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carried out by pyrolysis, solvolysis, hydrogenolysis and oxidation reactions. In general,
oxidation reactions using homogeneous, heterogeneous or enzymatic catalysts, result in
the production of more complex platform aromatic compounds with additional

functionalities.

Due to the complexity and variability of the lignin structure, model compounds, which
include the most common and most reactive bonds found in lignin, can be applied to
investigate the behavior of lignin in the oxidation reaction. The most abundant of these
bonds is the B-0-4 linkage, the reactivity of which has been investigated in this thesis. In
Chapter 2 of this thesis, two compounds (veratryl alcohol (VA) and guaiacyl glycerol-j3-
guaiacyl ether (GGGE)) were chosen and tested in oxidative depolymerization reactions.
Different supported transition metal heterogeneous catalysts were applied and a
Ru/Al,03 catalyst prepared with ruthenium (IV) oxide hydrate showed superior catalytic
activity for all the model compounds tested. An 89 % vyield of veratraldehyde (VAld) was
obtained from the oxidation of VA in water at 160 °C with 5 bar air pressure after an 8-
hour reaction. Veratrol, a by-product from the decarbonylation of VAld, was formed when
the reaction time was prolonged to 20 h. When the solvent was changed to methanol,
using 20 bar of argon, the VA-ether was formed yielding 36%, indicating that methanol
protected the hydroxyl group present in VA from being oxidised. A recyclability test was
performed on the Ru/Al,O3 catalyst in the oxidative transformation of VA. After three
consecutive runs, the VAld yield decreased, possibly due to Ru leaching from the support,
therefore further investigation is required to improve the stability of the Ru catalyst or

reduce the severity of the conditions used to extract and recycle the catalyst.

When the Ru/Al;03 catalyst prepared with ruthenium (V) oxide hydrate was used in the
oxidative transformation of GGGE, 34 % yield of guaiacol, 13 % of vanillin and 11% of
vanillic acid were obtained after 20 h in acetonitrile at 160 °C under 5 bar of 20% oxygen
in argon. The Ru/Al,03 catalyst was easy to regenerate and recycle. It was found to be

stable over five consecutive runs in acetonitrile.
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In Chapter 3, Birch and beech sawdust were subjected to the organosolv treatment for
lignin extraction. Although the highest amount of lignin was extracted from birch sawdust,
giving a better ratio of the 3-0-4 interunit, beech sawdust was elected for further studies

due to its wider availability and local origins.

The addition of a catalyst was tested to increase the acidity of the media used in the
organosolv process. Additionally, the ratio of ethanol-water as well as the temperature
and the solid-liquid ratio used in the process were tested and optimized for the
organosolv pulping treatment. 17 wt. % of lignin was obtained after 200 minutes of
reaction using 0,5 mM H,SO4 as catalyst, with a solvent consisting of 60 vol. % ethanol,
40 vol. % water, and a pressure of 20 bar of nitrogen, with a solid/ liquid ratio of 1/6 at
180 °C. However, the B-0-4 ratio of binding was improved to 3.68 when the temperature
was decreased to 160 °C, and the solid/liquid ratio changed to 1/12. All the catalytic
depolymerization methods were designed to perform the cleavage of the 3-0-4 bond,
so it was rational to choose the lignin batch with highest proportion of 3-0-4 interunits

for further analyses.

Chapter 4 is dedicated to the study of a two-step conversion route from lignin to
aromatics. The first step consisted of the oxidative depolymerization of lignin at 160 °C,
over 5 h with 8 bar of oxygen. A second step followed, wherein the oxidation products
were subjected to catalytic hydrogenolysis at 180 °C for 5 h under a pressure of 30 bar H,.
Different catalysts were tested using the two-step conversion procedure. The tandem
Ru/SiO2 — Ni/HMOR, gave the highest degree of degradation of the organosolv lignin
binding motifs, with 57 % of the -0-4 binding motifs, and 46% of the phenylcoumaran
interunits cleaved. In addition, it was showed that increasing the temperature used in the
first step increased the degree of degradation of the lignin motifs. Prolonged reaction
times, up to 20 h for the oxidation step, produced an increase in the degradation of the
organosolv lignin linkages, resulting in the cleavage of 76 % of the 3-O-4 binding motifs,
and 64 % of the phenylcoumaran interunits, using Ru/SiO; as catalyst at 160 °C, and 20

bar of 20% oxygen in argon with 80 vol. % methanol in water as solvent. Unfortunately,
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additional methods are required to characterize the reaction products, in order to identify

more of the products obtained from the reactions.

The similarities between the functionalities present in lignin and its reaction products
make characterization of reaction mixtures challenging. Additionally, the elucidation of
the reactions and side reactions taking place becomes almost impossible due to the
complexity of the system. Mechanistic insight into the reaction, such as the role of the
solvent, catalyst and reactant are important in order to understand and improve the

catalytic system for lignin upgrading.

Reactions involving model compounds are not always directly applicable to a complex
system with native lignin, so lignin polymers must be studied to discover the real changes
taking place in this complex molecule. More research and new developments are required

in this field.

Heterogeneous catalysis provides great advantages, not only in terms of easy separation
and recyclability, but also providing the ability to use molecular oxygen as oxidant, as was
demonstrated by the results shown in this thesis. It is clear, that oxidation is not the only
option for the depolymerization of lignin, but it is a relevant route as an eco-efficient
process involving several principles of green and sustainable chemistry, such as the use

of catalysts, energy efficiency and the use of clean processes.

It is important to continue the development of lignin valorization strategies. In this
respect, a number of potential options exist. For example, the functionalization of lignin
can lead to the development of new polymeric materials and depolymerization coupled
with selective oxidation reactions can provide routes to the production of fine chemicals.
With a combination of strategies and reaction processes, the complete replacement of
fossil fuel based aromatic chemicals with sustainable lignin based products can possibly

be realized.
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Appendix A

Organosolv lignin 2-D NMR spectra (HSQC experiment)
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Experiment B1
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Experiment B3

Ratio of binding: 3,43 :1:0,79
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Experiment B5

Ratio of binding: 3,26 :1:0,85
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Experiment C2

Ratio of binding: 3,03:1:0,79
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Experiment C4

Ratio of binding: 3,68 :1:0,62
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Experiment LO3

Oxidation
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Experiment LO4

Oxidation
MAY20150415-40.12 .ser v
HMBCGP DMSO {D:\NMR400'601 } nmr 14 ] e 0 G
rs0
I B, —~C
T\“‘ ",: L C:> +55
o i
65
. il '
C 70
> D
RS G
85
O Ca | .‘
v t rl )
5 6.0 5.5 STO 4.5 2 (ppm) 40 35 3.0 2?5 2‘;95
Hydrogenolysis
HMBEEP DMSO (5 MR 0016013 nrmr 23
‘B3 —C
- R
E A
B’V |
C
NehdalD
B AB
S oD
|

5 4.0
2 (ppm)

AFTER OXIDATION
Ratio of binding: 1,55:1:0,38

114

AFTER HYDROGENOLYSIS
Ratio of binding: 1,41:1:0,38

50

S5

60

65

r70

75

80

85

90

Los

1 (ppm)

fL (ppm)

Methoxy

O W >

| I I |
O W >

Methoxy



Experiment LO5

Oxidation
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Experiment LO6

Oxidation
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Experiment LO7

Oxidation
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Experiment LO9

Oxidation
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Appendix B

Publications

Project related articles.

M. Melian-Rodriguez, S. Saravanamurugan, S. Kegnaes, A. Riisager, Aerobic Oxidation of Veratryl
Alcohol to Veratraldehyde with Heterogeneous Ruthenium Catalysts, Top. Catal. 58 (2015) 1036—
1042.

M. Melian-Rodriguez, S. Saravanamurugan, S. Meier, S. Kegnaes, A. Riisager, Heterogeneous
catalysts for the selective oxidation of guaiacyl glycerol-B-guaiacyl ether- a lignin model
compound (2016). In preparation.

M. Melian-Rodriguez, J. Chen, S. Saravanamurugan, F. Lu, S. Kegnaes, A. Riisager, Study of the
influence of organosolv lignin treatment in hydrogenolysis and oxidation reactions (2016). In
preparation.

Other articles.

M. Paniagua, S. Saravanamurugan, M. Melian-Rodriguez, J.A. Melero, A. Riisager, Xylose
Isomerization with Zeolites in a Two-Step Alcohol-Water Process, ChemSusChem. 8 (2015) 1088—
1094.

C. Alvarez-Galvan, M. Melian-Rodriguez, L. Ruiz-Matas, B. Roldan-Cuenya, R. M. Navarro,
J.L.G. Fierro, Ni-Rh catalysts for hydrogen production by partial oxidation of methane. Influence
of support type (2016). In preparation.
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Conferences, presentations and courses attended

Oral Presentation

2015 COST Action Lignoval, Litvinov, Czech Republic.
Selective aerobic oxidation of b-O-4 lignin model compounds into Guaiacol and other simple
aromatic compounds.

2015 DTU Chemistry Ph.D. Symposium, Kongens Lyngby, Denmark.
Heterogeneous catalysts for the conversion of lignin and lignin model compounds.

2015 COST Action Lignoval, Belgrade, Serbia.
Aerobic oxidation of 8-0-4 lignin model compounds with solid catalysts.

2014 DTU Chemistry Ph.D. Symposium, Kongens Lyngby, Denmark.
Aerobic oxidation of veratryl alcohol to veratraldehyde with heterogeneous ruthenium catalysts.

Poster Presentation

2015 12th European Congress on Catalysis, Kazan, Russian Federation.
Catalytic oxidation of veratryl alcohol — a 8-O-4 lignin model compound - to veratraldehyde.

2014 Summer School on Catalysis of Biomass, Liblice, Czech Republic.
Lignin valorization using heterogeneous catalytic oxidation.

2014 16th Nordic Symposium on Catalysis, Oslo, Norway.
Heterogeneous catalysis in oxidation of lignin model compounds.

2014 4th International Congress in Green Process Engineering, Sevilla, Spain.
Lignin Valorization by Heterogeneous Catalytic Oxidation.

2013 DTU Chemistry Ph.D. Symposium, Sgro, Denmark.
Heterogeneous catalysis for lignin conversion.

2013 2" nternational Congress on Catalysis for Biorefineries, Dalian, China.
Conversion of lignin into chemicals with heterogeneous catalysis: Current and future technologies.
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	Chapter 1
	Introduction
	1
	1.1 Current global energy situation.

	Unquestionably, the use of fossil fuels has become the engine during the development of society since the Industrial Revolution. Unfortunately, this resource is in serious depletion, and the accompanying environmental hazards make it unfavorable. Ther...
	1. Achieving an energy-efficient Europe, so the current relationship between economic growth and increasing energy consumption must be broken.
	2. Ensure the free movement of energy to create a more integrated, interconnected and competitive market, applying the current EU legislation and developing a general plan to allow energy to flow from one country to another.
	3. Provide secure, safe and affordable energy for citizens and businesses, generating more consumer-friendly policy based on the benefits competition brings.
	1
	4. Extending Europe's leadership in energy technology and innovation. Without a major technological shift, the EU will not be able to achieve their ambitions to eliminate fossil fuels for electricity and transport by 2050.
	5. Consolidate and secure strong international partnerships. Many of the challenges facing the EU (climate change, access to oil and gas, technology development and energy efficiency) are also important for other countries [2].
	However, despite the efforts made by the EU, many countries do not foresee achieving the objectives marked by 2020 let alone 2050. The existing strategy is wholly inadequate to meet the challenges [4].
	1.1.1 The natural resource challenge.

	The world population expected to increase from the current total of 7.1 billion to 8.2 billion in 2030, meaning the Earth will have to feed more than a billion more people in fourteen years time. This only exacerbates the challenge currently faced by ...
	Figure 1.1. Data showing the development and the projection of the global population from 1960 to 2040, and per capita development in energy use, arable land, calorie intake and annual meat consumption [5-7]
	The exploitation of valuable natural resources, including oil, gas,metals, minerals and timber, is often noted as a key factor in the development, intensification or continuation of violent conflicts around the world. In addition, there is growing com...
	An important point to consider is that energy demand is increasing every year (Figure 1.2.). Although there are many resources for electricity production (oil, gas, coal, nuclear, wind, solar, geothermal, hydroelectric etc.), fuels used for transport ...
	Figure 1.2. World energy consumption by fuel type. Historical data and projection by EIA [8]
	Electricity production should be considered separately to the production of fuel transport, which is expected to double in capacity over the period 2000-2030 mainly in Asia and Africa. Currently, it is estimated that the reserves of fossil fuels in th...
	It is estimated that the transport and industrial sectors will account for 92% of the demand for liquid fuels until 2040, while in other sectors the consumption of liquid fuels will diminish around the world [8]. For this reason, sustainable transport...
	1.1.2 The climate challenge.

	Global warming is possibly the most dramatic side effect of fossil fuels usage. Fossil fuels are converted into energy through combustion reactions, leading to the emission of greenhouse gases (GHG) such as CO2, CH4 and N2O. In the atmosphere, CO2 con...
	Figure 1.3. Total annual anthropogenic GHG emission by gases 1970-2010. CO2 from fossil fuel combustion and industrial processes; CO2 from Forestry and Other Land Use (FOLU); methane (CH4); nitrous oxide (N2O); fluorinated gases covered under the Kyot...
	Cumulative emissions of CO2 largely determine mean global surface warming by the late 21st century and beyond. Projections of greenhouse gas emissions vary over a wide range, depending on both socio-economic development and climate policy (Figure 1.4)...
	Figure 1.4. Warming versus cumulative CO2 emissions. Colored plume shows the spread of past and future projections from a hierarchy of climate carbon cycle models driven by historical emissions and the four Representative Concentration Pathways (RCPs)...
	Two sectors produced nearly two-thirds of global CO2 emissions in 2013: electricity and heat generation, by far the largest, which accounted for 42%, while transport accounted for 23% (Figure 1.5) [10]. The 72% of that energy production comes from coa...
	Figure 1.5. World CO2 emissions by sectors in 2013 [10]. * Others include agriculture/forestry, fishing energy industries other than electricity and heat generation, and other emissions not specified elsewhere
	By adopting stronger climate change policies, governments could slow down on change the course of these emission trends, and ultimately stabilize the level of greenhouse gases in the atmosphere. Mitigation efforts over the next two to three decades wi...
	1.2 Green and sustainable chemistry.

	Green and sustainable chemistry is in very simple terms a different way of thinking about how chemistry and chemical engineering can be done.
	Green chemistry involves the creation, design and development of products and processes that reduce or eliminate the use and generation of substances hazardous to human health and the environment [12].  As well on focusing on protecting the environmen...
	The concept of sustainable development, first introduced in the Brundtland report in 1987, is defined as development that meet the needs of the present generation without compromising the ability of future generations to meet their own needs [14].
	These two concepts, green chemistry and sustainable development have been the focus over the last decade, of both industry and academia. In fact, the two concepts go hand in hand; sustainability is the ultimate goal and green chemistry tells us how to...
	1.2.1 Atom economy and E-factor.

	The quantification of how green or how environmentally friendly a chemical reaction or product is, can be very difficult. However, to get an estimate, two useful measures of the environmental impact of chemical processes are accepted: the E factor and...
	Atom efficiency is a useful tool for evaluating the amount of waste that will be generated by a chemical process. It is calculated by dividing the mass ratio of the desired product by the sum of the mass ratio of all the reactants in the stoichiometri...
	𝑎𝑡𝑜𝑚 𝑒𝑐𝑜𝑛𝑜𝑚𝑦=,,𝑀-𝑝𝑟𝑜𝑑𝑢𝑐𝑡.-∑,𝑀-𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠..
	In 1992, Roger Sheldon introduced another tool, the e-factor, which evaluates the environmental impact of a particular reaction based on the amount of waste generated, defined as everything but the desire product. It takes the chemical yield into acco...
	𝑒−𝑓𝑎𝑐𝑡𝑜𝑟=,𝑡𝑜𝑡𝑎𝑙 𝑤𝑎𝑠𝑡𝑒 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 𝑖𝑛 𝑘𝑔-𝑡𝑜𝑡𝑎𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑖𝑛 𝑘𝑔.
	Table 1.1. E- Factors and typical production in the chemical industry [16].
	(1.1)
	(1.2)
	In order not only to evaluate the environmental impact of waste by its amount, but also by its nature, Sheldon introduce the Environmental Quotient (EQ). The EQ can be obtained by multiplying the E factor with an arbitrarily assigned unfriendliness qu...
	1.2.2 Catalysis: the pillar of green and sustainable chemistry

	One of the fundamental pillars of green and sustainable chemistry is catalysis. The design and application of new catalysts and catalytic systems achieves simultaneously the two goals of green and sustainable chemistry, environmental protection (Achie...
	By definition, catalysis increases the rate of a reaction by the participation of an additional substance that does not go through any permanent change in the process; the catalyst. The catalyst increases the reaction rate by offering an alternative p...
	Figure 1.6. The energy diagram for a generic exothermic reaction X+Y to give Z [21].
	In order for a catalyst to be suitable for a chemical process, it is necessary for it to possess three main properties:
	 Activity. The activity measures how fast one or various reaction proceed in the presence of a catalyst [20].
	 Selectivity. The selectivity gives us the fraction of the starting material that is converted into the desired product [20].
	 Stability. The thermal, chemical and in case of heterogeneous catalysts, mechanical stability of a catalyst determines its lifetime in an industrial reactor. The catalyst stability is determined by many different factors, such decomposition, and poi...
	Catalysts are divided into three main groups:  homogeneous catalysts, heterogeneous catalysts and biocatalyst [19].
	Biocatalysis.

	Biocatalysis is the term used for catalysis taking place in living systems or using catalysts found in living systems (enzymes). In bio-catalytic processes, protein enzymes or other biological catalysts perform chemical transformations on organic and/...
	Homogeneous catalysis.

	In homogeneous catalysis, the catalyst is in the same phase as the reactants. Homogeneous catalysts are regularly used in the pharmaceutical industry and are often employed to carry out relatively complex transformations in comparison to heterogeneous...
	Homogeneous catalysts are difficult to separate from the products, as both, catalyst and products are in the same phase [19-20].
	Heterogeneous catalysis

	In heterogeneous catalysis, the reactant and the catalyst are in different phases. The catalyst is usually a solid material while the reactants are in gas or liquid phase [22]. Heterogeneous catalysis have a vital importance advantage, separation. Het...
	Heterogeneous catalysts are used not only in the production of commodity chemicals, materials, and fuels, but also in energy conversion and in food production, being applied in numerous industrial process in chemical, pharmaceutical, food, automotive ...
	1.3 Biomass.

	Biomass is the most abundant renewable resource available and is viewed as a feedstock for alternative to fossil fuels [23]. Biomass can be defined as any biological material derived from living organisms. In the context of biomass for energy, biomass...
	Vegetable biomass, mainly composed of carbohydrates, is generated by carbon dioxide (CO2) and water (H2O) using solar energy source and producing oxygen (O2) as a byproduct in a process called photosynthesis [23].  In this process CO2 is removed from ...
	Figure 1.7. Simplified diagram of the carbon cycle showing the typical time scales of renewal for the transfer of carbon through the main reservoirs [9].
	As mentioned previously, fossil resources are unable to meet the growing demand for energy and commodity chemicals. Because of this, new markets are being establish to meet these demands, using clean and green technologies, and renewable raw materials...
	1.3.1 Biorefineries.

	Biorefineries are named by analogy with conventional refineries, which aim to maximize the utilization of the raw material producing a wide range of fuels and chemicals [27]. According to the International Energy Agency (EIA), “a biorefinery is the su...
	Biomass conversion is currently performed in separate facilities in which all the economic potential has not been exploited. However, future biomass applications will be based on a single integrated facility called a biorefinery where all fractions an...
	The selection of a specific type of biomass, such as lignocellulosic biomass, available as feedstock for the production of energy and other products (biofuels, biopolymers, and chemical molecules) will be determined by the characteristics of the regio...
	Borregaard in Norway operates an example of an industrial biorefinery. This biorefinery uses wood as raw material. Wood fibers are converted into advanced grades of specialty cellulose for products used in the construction and oil industries, and for ...
	Figure 1.8. schematic overview over the flows of raw material and energy through the different processing steps towards the end products for Borregaard Sarpsborg Biorefinery [35].
	Various technologies are under development for lignocellulosic biorefineries, in which the lignin fraction is only consider as an energy source. However, there has been an increase in biorefinery technologies, which make use of the possibility of sepa...
	1.3.2 Lignocellulosic biomass.

	The biomass-based chemicals and fuels generally are produced by sugar and starch containing crops such as beet, corn and grain, the so-called first-generation biomass. These crops are also used for food and animal feed, resulting in an undesirable com...
	Lignocellulosic biomass consists of plant tissues composed of cells with cell walls formed from cellulose microfibrils frameworks. Hemicellulose and lignin polymers are interlinked with microfibrils structures [29]. The structure of the cell wall give...
	For a better understanding of the composition of lignocellulosic biomass and thus to make better use of it, is necessary to know the main components of cell walls. Lignocellulosic biomass can be divided into three organic components with the following...
	Figure 1.9. Representation of lignocellulosic biomass and of its main fractions. [41-43].
	Cellulose and hemicellulose valorization has been widely studied, and many different researches and studies have been focused during the last year on obtaining biofuels and high value chemicals from these fractions. In fact, monomeric sugars can be us...
	1.4 Lignin.

	The term lignin was introduced in 1819 by de Candolle and originates from the Latin word lignum, meaning wood [45]. Lignin, alongside cellulose and hemicellulose, is one of the major constituents of the cell walls of all higher vascular land plants. I...
	Figure 2.0. Artistic representation of lignocellulosic biomass with cellulose fibers (blue), lignin (red) and hemicellulose (light green) [41-43].
	The amount of lignin found in a plant depends on the species, and can vary between 15 to 40% by weight. In herbs, lignin content is less than 15% by weight. In wood stems the portion of lignin is from 24% to 33% in normal softwood (gymnosperm trees), ...
	Lignin is a natural biopolymer, but unlike other polymers and despite many research efforts, its chemistry, biosynthesis and molecular biology has not been completely elucidated. It is currently accepted that the biosynthesis of lignin is the result o...
	Figure 2.1. The three monolignols monomers, the building blocks of lignin.
	The composition of lignin polymers varies not only between species but also between tissues of an individual plant. Both the proportion of monolignol monomers and linkages between them vary. Softwood lignin is almost exclusively derived from the polym...
	The monolignol monomers, are linked randomly through carbon – carbon and carbon – oxygen bonds. The main interunit linkages are illustrated in Figure 2.2, and their abundance in spruce (softwood), and beech and birch (hardwood) are listed in table 1.2...
	Figure 2.2. Schematic representation of the common linkages in native lignin.
	Table 1.2. Abundance of linkages from native lignin [27, 38, 47].
	Lignin also contains a significant range of chemical functional groups, such as hydroxyl (aromatic and aliphatic), methoxyl, carbonyl, and carboxyl.  These functional groups affect the properties of the lignin molecule, especially its solubility. Lign...
	Figure 2.3. Schematic representation of hardwood lignin (top) and softwood lignin (bottom)[38].
	1.4.1 Lignin dissolution and pretreatment.

	Lignin properties strongly depend on the pretreatment process of lignocellulosic biomass, by which, lignin is isolated from cellulose and hemicellulose. Due to the strength and complexity of cellulose, hemicellulose and lignin, the solubilization of l...
	The pretreatment of lignin is an important initial step in any biorefinery operation [51].  In the pretreatment process, the principal components of lignocellulosic biomass and related materials are separated, the extended polymer degrades to small co...
	1.4.1.1  Steam explosion.

	The steam-explosion process is a rapid treatment for lignocellulose biomass that involves the impregnation of wood or bagasse with high-pressure steam (~13 – ~34 bar, 180 – 230 ⁰C) for short contact times (1-20 min), followed by a rapid pressure relea...
	1.4.1.2 Lignosulfonates.

	Lignosulfonate is generated during sulfite pretreatment, which is a relative common process in the pulp and paper industry.  In sulfite pulping, the wood is cooked in aqueous sulfite solution (HSO3- or SO32-) at 125 - 150 ⁰C for 3 – 7 h [21, 56]. The ...
	Lignosulfonates are water-soluble from pH 2 to 12, making this type of lignin different from others. In addition, lignosulfonate lignin exhibit a higher average molecular weight and higher monomer molecular weight that other lignin, materials such as ...
	Figure 2.4. Model structure for lignosulfonate lignin [54].
	The disadvantage of this type of lignin is associated with its high molar mass and high sulfur content. Sulfite lignin contains up to 8% sulfur, and is unsuitable for catalytic valorization. Moreover, it can be considered an impure material, in which ...
	1.4.1.3 Kraft lignin.

	Kraft pulping is the most common pulping technique employed in the pulping industry. The wood is cooked at high pH, and considerable amounts of aqueous sodium hydroxide and sodium sulfide [54]. The Kraft pulping process can be divided into three phase...
	Figure 2.5. Overview of a kraft process – Innventia (Sweden) [59].
	The -O-4 linkages breaks during this process. The phenolic groups, leading to the addition of HS- onto -carbon, are converted into quinone methide groups. The benzylthiolate anion formed undergoes a rearrangement forming an epilsulfide. This epilsul...
	Figure 2.6. Cleavage of b-O-4 linkages in Kraft lignin [21].
	Kraft lignin is rapidly available and low in price, but it is not an ideal feedstock for lignin valorization. During the pulping process, sulfur is introduced into the structure making up around 1-2 wt. % of the lignin produced. This sulfur may poison...
	1.4.1.4 Soda pulping process.

	The soda process is employed for pulp production from annual crops, such as flax, bagasse and straws [56]. This process, unlike the Kraft process, is sulfur-free, and the reactant, NaOH, is exclusively active towards the cleavage of -O-4 bonds. The e...
	1.4.1.5 Organosolv process.

	The organosolv process is based on the treatment of wood of bagasse with various organic solvents, such as methanol or ethanol, at temperatures ranging from 180 – 200 ⁰C [21, 38]. The organosolv process accomplishes the production of high-quality cell...
	 Lignol process, ethanol/water pulping process [60].
	 ASAM, Alkaline Sulfite Anthraquinone Methanol pulping [61].
	 Organocell, methanol pulping followed by anthraquinone/NaOH pulping [62].
	 Acetosolv, an acetic acid /HCl pulping [63].
	 Milox, formic acid/hydrogen peroxide delignification [64].
	 Avidel, formic/acetic acid pulping [65].
	These processes have been demonstrated on a pilot scale, but they are not commercial yet. The most successful process is the Lignol Process, based on the Alcell Process, in which wood is extracted with a mixture of ethanol and water. The lignocellulos...
	The principal advantage of the organosolv process is that separate streams of cellulose, hemicellulose and lignin are formed, allowing the valorization of all the main lignocellulosic components. The process is considered environmentally friendly, bec...
	In this thesis, an organosolv process has been developed for producing high quality lignin from hardwood (birch and beech) and will be described in Chapter 3. The high purity organosolv lignin obtained from ethanol/water fractions of beech hardwood wa...
	1.4.1.6 Other lignin types

	Several other methods for pretreatment and isolation of lignin are available. The ammonia fiber explosion process (AFEX) has been applied to lignocellulosic pretreatment.  Biomass is treated with liquid anhydrous ammonia at moderate temperatures, of a...
	Recently, the use of ionic liquids (ILs) for wood depolymerization has achieved great interest. The high price of the solvents used, however make the ILs based process unattractive for operation on an industrial scale [69-71].
	1.4.2 Potential applications for lignin.

	Lignin is a versatile feedstock that can be used in many different applications, such as a green alternative to many petroleum-derived substances, including fuels, resins, rubber additives, thermoplastics blends, food and pharmaceutical products. It i...
	The lignin structure, properties and purity depends on the delignification process. The delignification processes is discussed in Chapter 3.
	The main applications of lignin can be classified into three groups (Table 1.3):
	Table 1.3. Main applications for lignin [76].
	The challenge resides in the diversity and complexity of the lignin material. The production of high value chemicals such as aromatics and carbon fibers are seen as the most rewarding and challenging goal in lignin valorization [74 -77]
	1.4.2.1 Lignin for macromolecules.

	In 2014, lignin was mostly used for manufacturing macromolecules, exceeding 65% of global market volume [77]. In macromolecules, lignin can find an application as dispersant, binder, and emulsifier in several industries, but in many cases these uses o...
	Additionally, the expansion in the use of carbon fibers (CF) in construction and automotive industries as a lightweight material is increasing the importance of macromolecules [77]. Carbon fibers are mainly used in the automotive industry, but they al...
	1.4.2.2 Lignin for production of aromatic chemicals.

	Lignin is by far the most abundant renewable resource on earth available as feedstock for the industrial production of aromatic compounds, being the obvious replacement for fossil fuels in this purpose. The main aromatic compounds currently used in in...
	BTX compromises 60% by volume of the aromatics produced industrially, representing almost 24% of the global petrochemical market value. Potentially these simple aromatic compounds can be obtained from lignin, and their application would be similar to ...
	Phenols are extremely interesting building blocks for new synthetic bioplastics, as described previously in 1.4.1.1 Lignin macromolecules. However, lignin can be used to produce phenol. Phenol is considered a commodity chemical and is directly affecte...
	Vanillin production has been commercial since 1937, with around 80% of its production from lignin-containing waste produced by the sulfite process in the pulp paper industry. However, in 1980 subsequent developments in the wood pulp industry made its ...
	Smolarski’s studies show that an economically viable lignin valorisation route is needed, and more research to optimize the process for the production of lignin-based aromatic chemicals is required. The Organosolv technology can approach the high lign...
	1.4.2.3 Lignin upgrading process.

	The lignin polymer can be converted from a low quality, low-price product into a high quality, high-value feedstock for fuels, electricity, or bulk and specialty chemicals using a wide range of chemicals transformations (Figure 2.4) [81]. Different fr...
	Figure 2.4. Main Thermochemical lignin conversion processes and their potential products [81]
	Pyrolysis.

	Pyrolysis can be defined as a thermochemical route to break down lignin anaerobically into low molecular weight compounds [89]. In biomass pyrolysis, a decomposition of the organic components occurs at temperatures between 200 to 500 ˚C, and then at  ...
	Depending on the operating conditions (temperature, solid residence time, biomass particle size, etc.) pyrolysis can be classified into three main categories: conventional or slow, fast and flash pyrolysis [90].
	Table 1.4. Types of pyrolysis and operation parameters [68].
	Lignin pyrolysis is a challenging process and produces relatively low yields of valuable products. Several studies have focused on gas products for lignin pyrolysis. Carbon monoxide and carbon dioxide are the most abundant components in the gas phase ...
	More than 400 organic chemicals can be found amongst the bio-oils produced during biomass pyrolysis. These compounds can be classified in five different groups: 1. Hydroxyaldehydes, 2. Hydroxyquetones, 3. Sugars and dehydrosugars, 4. Carboxylic acids...
	Catalysts significantly improve the selectivity of the pyrolytic process and the quality of the pyrolytic oil produced from lignocellulosic biomass [100]. Olazar et al. have used H-ZSM-5 in the catalytic pyrolysis of pine sawdust, achieving the produc...
	Presently, bio-oil samples are under investigation as a feedstock for extracting high-value chemicals, which could be substituted for phenol in several applications as discussed in section 1.4.1 Potential applications for lignin. Pyrolysis technologie...
	Solvolysis.

	Solvolysis involves the fragmentation of lignin molecules into lower molecular weight products and occurs at moderate temperatures in acidic or a basic condition. If this process uses water as the solvent, it may also be referred to as hydrolysis [104...
	Hydrolysis in supercritical water is reported as an alternative approach for lignin depolymerization. Supercritical water has several advantages, for example, it is not necessary to dry the feedstock, oxidations and hydrolysis reactions can be achieve...
	Hydrogenolysis.

	Hydrogenolysis, which can be defined as pyrolysis performed in the presence of hydrogen, is probably the most promising method for producing phenols from lignin. Hydrogenolysis leads to higher net conversion, higher yields of phenols, and less char fo...
	Although hydrogenolysis can be carried out without a catalyst, catalysis is the key to the hydrogenolysis process [110]. Hydrogenolysis is catalyzed mainly by transition metal catalysts. These catalysts can dissociate gaseous H2 into hydrogen atoms, a...
	Oxidation.

	Lignin oxidation reactions tend to form complex aromatic compounds with additional functionality, which serve as a platform for subsequent reactions or produce fine chemicals themselves. The oxidation products of lignin range from aromatic aldehydes t...
	Many studies have been carried out on lignin valorization using oxidation reactions, over the last few years. Several strategies for the catalytic oxidation of lignin and lignin models were reported includingthe use of heterogeneous catalysis, bio-cat...
	Heterogeneous oxidation catalysts play an important role in the pulp and paper industry in the removal lignin and other compounds from wood pulps. There are many examples of lignin heterogeneous catalysis [38, 115-118].  Crestini et al.  have worked o...
	Various oxide-based catalysts led to a significant conversion of raw lignin in aqueous or alcoholic media in the presence of oxygen under pressure [122-124]. Sales et al.  investigated the applicability of Pd/Al2O3 catalyst prepared by incipient wet i...
	Heterogeneous catalysts exhibit several advantageous properties not only in terms of easier separation and recyclability, but also when the oxidation reactions are conducted in the presence of molecular O2 or aqueous H2O2. Innovative research into het...
	1.5 Aim and outline of this thesis.

	Finding a process for biomass valorization that could be directly adapted to the current biorefineries represents a challenge. At present, only a small proportion of lignin is used as an energy source for power generation or in the production of value...
	The aim of this thesis is to develop a new sustainable catalytic technology that allows the lignin contained in second-generation biomass to be valorized into fuels or chemicals. The focus will be on the oxidative cleavage strategy used to break ligni...
	Due the complexity and variability of lignin model compounds are needed in order to study lignin valorization. Chapter 2. outlines these model compounds, and focuses on the development of a catalytic system for the oxidation of -O-4 lignin model comp...
	Lignin pretreatment is an important initial step in a biorefinery operation, separating the principal components of biomass and related materials. Chapter 3. describes the methods of biomass pretreatment, with an emphasis on the Organosolv process, th...
	Chapter 4. describes the results of a study to screen the reaction conditions and catalytic systems for the oxidation of lignin with molecular oxygen. An efficient two-step valorization route consisting of a first step oxidative cleavage followed by a...
	Concluding remarks and key findings of this PhD thesis are summarized in Chapter 5
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	Introduction
	1
	1.1 Current global energy situation.

	Unquestionably, the use of fossil fuels has become the engine during the development of society since the Industrial Revolution. Unfortunately, this resource is in serious depletion, and the accompanying environmental hazards make it unfavorable. Ther...
	1. Achieving an energy-efficient Europe, so the current relationship between economic growth and increasing energy consumption must be broken.
	2. Ensure the free movement of energy to create a more integrated, interconnected and competitive market, applying the current EU legislation and developing a general plan to allow energy to flow from one country to another.
	3. Provide secure, safe and affordable energy for citizens and businesses, generating more consumer-friendly policy based on the benefits competition brings.
	1
	4. Extending Europe's leadership in energy technology and innovation. Without a major technological shift, the EU will not be able to achieve their ambitions to eliminate fossil fuels for electricity and transport by 2050.
	5. Consolidate and secure strong international partnerships. Many of the challenges facing the EU (climate change, access to oil and gas, technology development and energy efficiency) are also important for other countries [2].
	However, despite the efforts made by the EU, many countries do not foresee achieving the objectives marked by 2020 let alone 2050. The existing strategy is wholly inadequate to meet the challenges [4].
	1.1.1 The natural resource challenge.

	The world population is expected to increase from the current total of 7.1 billion to 8.2 billion in 2030, meaning the Earth will have to feed more than a billion more people in fourteen years time. This only exacerbates the challenge currently faced ...
	Figure 1.1. Data showing the development and the projection of the global population from 1960 to 2040, and per capita development in energy use, arable land, calorie intake and annual meat consumption [5-7]
	The exploitation of valuable natural resources, including oil, gas,metals, minerals and timber, is often noted as a key factor in the development, intensification or continuation of violent conflicts around the world. In addition, there is growing com...
	An important point to consider is that energy demand is increasing every year (Figure 1.2.). Although there are many resources for electricity production (oil, gas, coal, nuclear, wind, solar, geothermal, hydroelectric etc.), fuels used for transport ...
	Figure 1.2. World energy consumption by fuel type. Historical data and projection by EIA [8]
	Electricity production should be considered separately to the production of transport fuel, which is expected to double in capacity over the period 2000-2030 mainly in Asia and Africa. Currently, it is estimated that the reserves of fossil fuels in th...
	It is estimated that the transport and industrial sectors will account for 92% of the demand for liquid fuels until 2040, while in other sectors the consumption of liquid fuels will diminish around the world [8]. For this reason, sustainable transport...
	1.1.2 The climate challenge.

	Global warming is possibly the most dramatic side effect of fossil fuels usage. Fossil fuels are converted into energy through combustion reactions, leading to the emission of greenhouse gases (GHG) such as CO2, CH4 and N2O. In the atmosphere, CO2 con...
	Figure 1.3. Total annual anthropogenic GHG emission by gases 1970-2010. CO2 from fossil fuel combustion and industrial processes; CO2 from Forestry and Other Land Use (FOLU); methane (CH4); nitrous oxide (N2O); fluorinated gases covered under the Kyot...
	Cumulative emissions of CO2 largely determine mean global surface warming by the late 21st century and beyond. Projections of greenhouse gas emissions vary over a wide range, depending on both socio-economic development and climate policy (Figure 1.4)...
	Figure 1.4. Warming versus cumulative CO2 emissions. Colored plume shows the spread of past and future projections from a hierarchy of climate carbon cycle models driven by historical emissions and the four Representative Concentration Pathways (RCPs)...
	Two sectors produced nearly two-thirds of global CO2 emissions in 2013: electricity and heat generation, by far the largest, which accounted for 42%, while transport accounted for 23% (Figure 1.5) [10]. 72% of the energy production came from coal-fire...
	Figure 1.5. World CO2 emissions by sectors in 2013 [10]. * Others include agriculture/forestry, fishing energy industries other than electricity and heat generation, and other emissions not specified elsewhere
	By adopting stronger climate change policies, governments could slow down or change the course of these emission trends, and ultimately stabilize the level of greenhouse gases in the atmosphere. Mitigation efforts over the next two to three decades wi...
	1.2 Green and sustainable chemistry.

	Green and sustainable chemistry is in very simple terms a different way of thinking about how chemistry and chemical engineering can be done.
	Green chemistry involves the creation, design and development of products and processes that reduce or eliminate the use and generation of substances hazardous to human health and the environment [12].  As well on focusing on protecting the environmen...
	The concept of sustainable development, first introduced in the Brundtland report in 1987, is defined as development that meet the needs of the present generation without compromising the ability of future generations to meet their own needs [14].
	These two concepts, green chemistry and sustainable development have been the focus over the last decade, of both industry and academia. In fact, the two concepts go hand in hand; sustainability is the ultimate goal and green chemistry tells us how to...
	1.2.1 Atom economy and E-factor.

	The quantification of how green or how environmentally friendly a chemical reaction or product is, can be very difficult. However, to get an estimate, two useful measures of the environmental impact of chemical processes are accepted: the E factor and...
	Atom efficiency is a useful tool for evaluating the amount of waste that will be generated by a chemical process. It is calculated by dividing the mass ratio of the desired product by the sum of the mass ratio of all the reactants in the stoichiometri...
	𝑎𝑡𝑜𝑚 𝑒𝑐𝑜𝑛𝑜𝑚𝑦=,,𝑀-𝑝𝑟𝑜𝑑𝑢𝑐𝑡.-∑,𝑀-𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠..
	In 1992, Sheldon introduced another tool, the E-factor, which evaluates the environmental impact of a particular reaction based on the amount of waste generated, defined as everything but the desired product. It takes the chemical yield into account a...
	𝑒−𝑓𝑎𝑐𝑡𝑜𝑟=,𝑡𝑜𝑡𝑎𝑙 𝑤𝑎𝑠𝑡𝑒 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 𝑖𝑛 𝑘𝑔-𝑡𝑜𝑡𝑎𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑖𝑛 𝑘𝑔.
	Table 1.1. E- Factors and typical production in the chemical industry [16].
	(1.1)
	(1.2)
	In order not only to evaluate the environmental impact of waste by its amount, but also by its nature, Sheldon introduced the Environmental Quotient (EQ). The EQ can be obtained by multiplying the E factor with an arbitrarily assigned unfriendliness q...
	1.2.2 Catalysis: the pillar of green and sustainable chemistry

	One of the fundamental pillars of green and sustainable chemistry is catalysis. The design and application of new catalysts and catalytic systems achieves simultaneously the two goals of green and sustainable chemistry; environmental protection (achie...
	In this thesis, heterogeneous catalytic systems have been used to the lignin biomass conversion into chemicals and fuels, following the green and sustainable chemistry principles.
	By definition, catalysis increases the rate of a reaction by the participation of an additional substance that does not go through any permanent change in the process; the catalyst. The catalyst increases the reaction rate by offering an alternative p...
	Figure 1.6. The energy diagram for a generic exothermic reaction X+Y to give Z [21].
	In order for a catalyst to be suitable for a chemical process, it is necessary for it to possess three main properties:
	 Activity. The activity measures how fast one or various reaction proceed in the presence of a catalyst [20].
	 Selectivity. The selectivity gives the fraction of the starting material that is converted into the desired product [20].
	 Stability. The thermal, chemical and in case of heterogeneous catalysts, mechanical stability of a catalyst determines its lifetime in an industrial reactor. The catalyst stability is determined by many different factors, such decomposition, and poi...
	Catalysts are divided into three main groups:  homogeneous catalysts, heterogeneous catalysts and biocatalyst [19].
	Biocatalysis.

	Biocatalysis is the term used for catalysis taking place in living systems or using catalysts found in living systems (enzymes). In bio-catalytic processes, protein enzymes or other biological catalysts perform chemical transformations on organic and/...
	Homogeneous catalysis.

	In homogeneous catalysis, the catalyst is in the same phase as the reactants. Homogeneous catalysts are regularly used in the pharmaceutical industry and are often employed to carry out relatively complex transformations in comparison to heterogeneous...
	Homogeneous catalysts are difficult to separate from the products, as both, catalyst and products are in the same phase [19-20].
	Heterogeneous catalysis

	In heterogeneous catalysis, the reactant and the catalyst are in different phases. The catalyst is usually a solid material while the reactants are in gas or liquid phase [22]. Heterogeneous catalysis have a vital importance advantage, separation. Het...
	Heterogeneous catalysts are used not only in the production of commodity chemicals, materials, and fuels, but also in energy conversion and in food production, being applied in numerous industrial process in chemical, pharmaceutical, food, automotive ...
	1.3 Biomass.

	Biomass is the most abundant carboneous renewable resource available and is viewed as an alternative feedstock to fossil fuels [23]. Biomass can be defined as any biological material derived from living organisms. In the context of biomass for energy,...
	Vegetable biomass, mainly composed of carbohydrates, is generated by carbon dioxide (CO2) and water (H2O) using solar energy source and producing oxygen (O2) as a byproduct photosynthesis [23].  In this process, CO2 is removed from the atmosphere, con...
	Figure 1.7. Simplified diagram of the carbon cycle showing the typical time scales of renewal for the transfer of carbon through the main reservoirs [9].
	As mentioned previously, fossil resources are unable to meet the growing demand for energy and commodity chemicals. Because of this, new markets are being establish to meet these demands, using clean and green technologies, and renewable raw materials...
	1.3.1 Biorefineries.

	Biorefineries are named by analogy with conventional refineries, which aim to maximize the utilization of the raw material producing a wide range of fuels and chemicals [27]. According to the International Energy Agency (EIA), “a biorefinery is the su...
	Biomass conversion is currently performed in separate facilities in which all the economic potential has not been exploited. However, future biomass applications will be based on a single integrated facility called a biorefinery where all fractions an...
	The selection of a specific type of biomass, such as lignocellulosic biomass, available as feedstock for the production of energy and other products (biofuels, biopolymers, and chemical molecules) will be determined by the characteristics of the regio...
	Borregaard in Norway operates an example of an industrial biorefinery. This biorefinery uses wood as raw material. Wood fibers are converted into advanced grades of specialty cellulose for products used in the construction and oil industries, and for ...
	Figure 1.8. Schematic overview over the flows of raw material and energy through the different processing steps towards the end products for Borregaard Sarpsborg Biorefinery [35].
	Various technologies are under development for lignocellulosic biorefineries, in which the lignin fraction is only consider as an energy source. However, there has been an increase in biorefinery technologies, which make use of the possibility of sepa...
	1.3.2 Lignocellulosic biomass.

	The biomass-based chemicals and fuels generally are produced by sugar and starch containing crops such as beet, corn and grain, the so-called first-generation biomass. These crops are also used for food and animal feed, resulting in an undesirable com...
	Lignocellulosic biomass consists of plant tissues composed of cells with cell walls formed from cellulose microfibrils frameworks. Hemicellulose and lignin polymers are interlinked with microfibrils structures [29]. The structure of the cell wall give...
	Lignocellulosic biomass can be divided into three organic components with the following representative fractions by dry weight: cellulose (40-50 wt. %), hemicellulose (25-35 wt. %) and lignin (20-30 wt. %) (Figure 1.9). A number of other minor compone...
	Figure 1.9. Representation of lignocellulosic biomass and of its main fractions. [41-43].
	Cellulose and hemicellulose valorization has been widely examined, and many different studies have during the last year focused on obtaining biofuels and high value chemicals from these fractions. In fact, monomeric sugars can be used for commercial p...
	1.4 Lignin.

	The term lignin was introduced in 1819 by de Candolle and originates from the Latin word lignum, meaning wood [45]. Lignin, alongside cellulose and hemicellulose, is one of the major constituents of the cell walls of all higher vascular land plants. I...
	Figure 2.0. Artistic representation of lignocellulosic biomass with cellulose fibers (blue), lignin (red) and hemicellulose (light green) [41-43].
	The amount of lignin found in a plant depends on the species, and can vary between 15 to 40% by weight. In herbs, lignin content is less than 15% by weight. In wood stems the portion of lignin is from 24% to 33% in normal softwood (gymnosperm trees), ...
	Lignin is a natural biopolymer, but unlike other polymers and despite many research efforts, its chemistry, biosynthesis and molecular biology has not been completely elucidated. It is currently accepted that the biosynthesis of lignin is the result o...
	Figure 2.1. The three monolignol monomers, the building blocks of lignin.
	The composition of lignin polymers varies not only between species but also between tissues of an individual plant. Both the proportion of monolignol monomers and linkages between them vary. Softwood lignin is almost exclusively derived from the polym...
	The monolignol monomers, are linked randomly through carbon – carbon and carbon – oxygen bonds. The main interunit linkages are illustrated in Figure 2.2, and their abundance in spruce (softwood), and beech and birch (hardwood) are listed in Table 1.2...
	Figure 2.2. Schematic representation of the common linkages in native lignin.
	Table 1.2. Abundance of linkages from native lignin [27, 38, 47].
	Lignin also contains a significant range of chemical functional groups, such as hydroxyl (aromatic and aliphatic), methoxy, carbonyl, and carboxyl.  These functional groups affect the properties of the lignin molecule, especially its solubility. Ligni...
	Figure 2.3. Schematic representation of hardwood lignin (top) and softwood lignin (bottom) [38].
	1.4.1 Lignin dissolution and pretreatment.

	Lignin properties strongly depend on the pretreatment process of lignocellulosic biomass, by which, lignin is isolated from cellulose and hemicellulose. Due to the strength and complexity of cellulose, hemicellulose and lignin, the solubilization of l...
	The pretreatment of lignin is an important initial step in any biorefinery operation [51].  In the pretreatment process, the principal components of lignocellulosic biomass and related materials are separated, the extended polymer degrades to small co...
	1.4.1.1  Steam explosion.

	The steam-explosion process is a rapid treatment for lignocellulose biomass that involves the impregnation of wood or bagasse with high-pressure steam (13 – 34 bar, 180 – 230 ⁰C) for short contact times (1-20 min), followed by a rapid pressure release...
	1.4.1.2 Lignosulfonates.

	Lignosulfonate is generated during sulfite pretreatment, which is a relative common process in the pulp and paper industry.  In sulfite pulping, the wood is cooked in aqueous sulfite solution (HSO3- or SO32-) at 125 - 150 ⁰C for 3 – 7 h [21, 56]. The ...
	Lignosulfonates are water-soluble from pH 2 to 12, making this type of lignin different from others. In addition, lignosulfonate lignin exhibit a higher average molecular weight and higher monomer molecular weight that other lignin, materials such as ...
	Figure 2.4. Model structure for lignosulfonate lignin [54].
	The disadvantage of this type of lignin is associated with its high molar mass and high sulfur content. Sulfite lignin contains up to 8% sulfur, and is unsuitable for catalytic valorization. Moreover, it can be considered an impure material, in which ...
	1.4.1.3 Kraft lignin.

	Kraft pulping is the most common pulping technique employed in the pulping industry. The wood is cooked at high pH, and considerable amounts of aqueous sodium hydroxide and sodium sulfide [54]. The Kraft pulping process can be divided into three phase...
	Figure 2.5. Overview of a kraft process – Innventia (Sweden) [59].
	The -O-4 linkages breaks during this process. The phenolic groups, leading to the addition of HS- onto -carbon, are converted into quinone methide groups. The benzylthiolate anion formed undergoes a rearrangement forming an epilsulfide. This epilsul...
	Figure 2.6. Cleavage of -O-4 linkages in Kraft lignin [21].
	Kraft lignin is readily available and low in price, but it is not an ideal feedstock for lignin valorization. During the pulping process, sulfur is introduced into the structure making up around 1-2 wt. % of the lignin produced. This sulfur may poison...
	1.4.1.4 Soda pulping process.

	The soda process is employed for pulp production from annual crops, such as flax, bagasse and straws [56]. This process, unlike the Kraft process, is sulfur-free, and the reactant, NaOH, is exclusively active towards the cleavage of -O-4 bonds. The e...
	1.4.1.5 Organosolv process.

	The organosolv process is based on the treatment of wood of bagasse with various organic solvents, such as methanol or ethanol, at temperatures ranging from 180 – 200 ⁰C [21, 38]. The organosolv process accomplishes the production of high-quality cell...
	 Lignol process, ethanol/water pulping process [60].
	 ASAM, Alkaline Sulfite Anthraquinone Methanol pulping [61].
	 Organocell, methanol pulping followed by anthraquinone/NaOH pulping [62].
	 Acetosolv, an acetic acid /HCl pulping [63].
	 Milox, formic acid/hydrogen peroxide delignification [64].
	 Avidel, formic/acetic acid pulping [65].
	These processes have been demonstrated on a pilot scale, but they are not commercial yet. The most successful process is the Lignol Process, based on the Alcell Process, in which wood is extracted with a mixture of ethanol and water. The lignocellulos...
	The principal advantage of the organosolv process is that separate streams of cellulose, hemicellulose and lignin are formed, allowing the valorization of all the main lignocellulosic components. The process is considered environmentally friendly, bec...
	In this thesis, an organosolv process has been developed for producing high quality lignin from hardwood (birch and beech) and will be described in Chapter 3. The high purity organosolv lignin obtained from ethanol/water fractions of beech hardwood wa...
	1.4.1.6 Other lignin types

	Several other methods for pretreatment and isolation of lignin are available. The ammonia fiber explosion process (AFEX) has been applied to lignocellulosic pretreatment.  Biomass is treated with liquid anhydrous ammonia at moderate temperatures, of a...
	Recently, the use of ionic liquids (ILs) for wood depolymerization has achieved great interest. The current high price of the solvents used, however, make the ILs based process unattractive for operation on an industrial scale [69-71].
	1.4.2 Potential applications for lignin.

	Lignin is a versatile feedstock that can be used in many different applications, such as a green alternative to many petroleum-derived substances, including fuels, resins, rubber additives, thermoplastics blends, food and pharmaceutical products. It i...
	The lignin structure, properties and purity depends on the delignification process. The delignification processes is discussed in Chapter 3.
	The main applications of lignin can be classified into three groups (Table 1.3):
	Table 1.3. Main applications for lignin [76].
	The challenge resides in the diversity and complexity of the lignin material. The production of high value chemicals such as aromatics and carbon fibers are seen as the most rewarding and challenging goal in lignin valorization [74 -77]
	1.4.2.1 Lignin for macromolecules.

	In 2014, lignin was mostly used for manufacturing macromolecules, exceeding 65% of global market volume [77]. In macromolecules, lignin can find an application as dispersant, binder, and emulsifier in several industries, but in many cases these uses o...
	Additionally, the expansion in the use of carbon fibers (CF) in construction and automotive industries as a lightweight material is increasing the importance of macromolecules [77]. Carbon fibers are mainly used in the automotive industry, but they al...
	1.4.2.2 Lignin for production of aromatic chemicals.

	Lignin is by far the most abundant renewable resource on earth available as feedstock for the industrial production of aromatic compounds, being the obvious replacement for fossil fuels in this purpose. The main aromatic compounds currently used in in...
	BTX compromises 60% by volume of the aromatics produced industrially, representing almost 24% of the global petrochemical market value. Potentially these simple aromatic compounds can be obtained from lignin, and their application would be similar to ...
	Phenols are extremely interesting building blocks for new synthetic bioplastics, as described previously in 1.4.1.1 Lignin macromolecules. However, lignin can be used to produce phenol. Phenol is considered a commodity chemical and is directly affecte...
	Vanillin production has been commercial since 1937, with around 80% of its production from lignin-containing waste produced by the sulfite process in the pulp paper industry. However, in 1980 subsequent developments in the wood pulp industry made its ...
	Smolarski’s studies show that an economically viable lignin valorisation route is needed, and more research to optimize the process for the production of lignin-based aromatic chemicals is required. The Organosolv technology can approach the high lign...
	1.4.2.3 Lignin upgrading process.

	The lignin polymer can be converted from a low quality, low-price product into a high quality, high-value feedstock for fuels, electricity, or bulk and specialty chemicals using a wide range of chemicals transformations (Figure 2.4) [81]. Different fr...
	Figure 2.4. Main Thermochemical lignin conversion processes and their potential products [81]
	Pyrolysis.

	Pyrolysis can be defined as a thermochemical route to break down lignin anaerobically into low molecular weight compounds [89]. In biomass pyrolysis, a decomposition of the organic components occurs at temperatures between 200 to 500 ˚C, and then at  ...
	Depending on the operating conditions (temperature, solid residence time, biomass particle size, etc.) pyrolysis can be classified into three main categories: conventional or slow, fast and flash pyrolysis [90].
	Table 1.4. Types of pyrolysis and operation parameters [68].
	Lignin pyrolysis is a challenging process and produces relatively low yields of valuable products. Several studies have focused on gas products for lignin pyrolysis. Carbon monoxide and carbon dioxide are the most abundant components in the gas phase ...
	More than 400 organic chemicals can be found amongst the bio-oils produced during biomass pyrolysis. These compounds can be classified in five different groups: 1. Hydroxyaldehydes, 2. Hydroxyquetones, 3. Sugars and dehydrosugars, 4. Carboxylic acids...
	Catalysts significantly improve the selectivity of the pyrolytic process and the quality of the pyrolytic oil produced from lignocellulosic biomass [100]. Olazar et al. have used H-ZSM-5 in the catalytic pyrolysis of pine sawdust, achieving the produc...
	Presently, bio-oil samples are under investigation as a feedstock for extracting high-value chemicals, which could be substituted for phenol in several applications as discussed in section 1.4.1 Potential applications for lignin. Pyrolysis technologie...
	Solvolysis.

	Solvolysis involves the fragmentation of lignin molecules into lower molecular weight products and occurs at moderate temperatures in acidic or a basic condition. If this process uses water as the solvent, it may also be referred to as hydrolysis [104...
	Hydrolysis in supercritical water is reported as an alternative approach for lignin depolymerization. Supercritical water has several advantages, for example, it is not necessary to dry the feedstock, oxidations and hydrolysis reactions can be achieve...
	Hydrogenolysis.

	Hydrogenolysis, which can be defined as pyrolysis performed in the presence of hydrogen, is probably the most promising method for producing phenols from lignin. Hydrogenolysis leads to higher net conversion, higher yields of phenols, and less char fo...
	Although hydrogenolysis can be carried out without a catalyst, catalysis is the key to the hydrogenolysis process [110]. Hydrogenolysis is catalyzed mainly by transition metal catalysts. These catalysts can dissociate gaseous H2 into hydrogen atoms, a...
	Oxidation.

	Lignin oxidation reactions tend to form complex aromatic compounds with additional functionality, which serve as a platform for subsequent reactions or produce fine chemicals themselves. The oxidation products of lignin range from aromatic aldehydes t...
	Many studies have been carried out on lignin valorization using oxidation reactions, over the last few years. Several strategies for the catalytic oxidation of lignin and lignin models were reported including the use of heterogeneous catalysis, bio-ca...
	Heterogeneous oxidation catalysts play an important role in the pulp and paper industry in the removal lignin and other compounds from wood pulps. There are many examples of lignin heterogeneous catalysis [38, 115-118].  Crestini et al.  have worked o...
	Various oxide-based catalysts led to a significant conversion of raw lignin in aqueous or alcoholic media in the presence of oxygen under pressure [122-124]. Sales et al.  investigated the applicability of Pd/Al2O3 catalyst, prepared by incipient wet ...
	Heterogeneous catalysts exhibit several advantageous properties not only in terms of easier separation and recyclability, but also when the oxidation reactions are conducted in the presence of molecular O2 or aqueous H2O2. Innovative research into het...
	1.5 Aim and outline of this thesis.

	Finding a process for biomass valorization that could be directly adapted to the current biorefineries represents a challenge. At present, only a small proportion of lignin is used as an energy source for power generation or in the production of value...
	The aim of this thesis is to develop new sustainable catalytic technology that allows the lignin contained in second-generation biomass to be valorized into fuels or chemicals. The focus will be on the oxidative cleavage strategy used to break lignin ...
	Due to complexity and variability of lignin, model compounds are needed in order to study lignin valorization. Chapter 2. outlines these model compounds, and focuses on the development of a catalytic system for the oxidation of -O-4 lignin model comp...
	Lignin pretreatment is an important initial step in a biorefinery operation, separating the principal components of biomass and related materials. Chapter 3, describes the methods of biomass pretreatment, with an emphasis on the Organosolv process, th...
	Chapter 4 describes the results of a study to screen the reaction conditions and catalytic systems for the oxidation of lignin with molecular oxygen. An efficient two-step valorization route consisting of a first step oxidative cleavage followed by a ...
	Concluding remarks and key findings of this PhD thesis are summarized in Chapter 5.
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	Catalytic aerobic oxidation of
	-O-4 lignin model compounds
	Abstract.

	Lignin is a complex polymeric molecule with a high degree of variability, thus making it difficult to design an effective catalytic system for its valorization. For a better understanding of lignin chemical transformations, and to simplify the plethor...
	One of the viable methods for the valorisation of lignin and lignin model compounds is oxidative depolymerisation using environmentally friendly oxidants like O2 or H2O2.  Oxidative depolymerisation involves the cleavage of ether bonds, such as -O-4 ...
	The aim of this chapter is to describe an efficient catalytic system for the aerobic oxidation of -O-4 lignin model compounds to simple aromatic chemicals.
	2
	1
	2
	2.1 Introduction.

	The catalytic conversion of lignin into bulk chemicals is a possible scenario for the use of this abundant feedstock.  For this purpose, the chemical transformation of lignin or lignin model compounds, have become increasingly important in the last de...
	The complexity and variability of lignin has prompted the use of simpler and lower molecular weight model compounds to study lignin oxidation reactions. These model compounds serve several proposes in the study of lignin valorization. They are formed ...
	The oxidative depolymerization of -O-4 lignin model compounds has been intensively discussed in the literature, as it is easier to analyze the reactions of small and well-defined molecules. This section is divided in two parts, according to the two d...
	Figure 2.1. Schematic representation of lignin fragment and the corresponding selection of -O-4 lignin model compo
	2.2 Veratryl alcohol.

	As a derivative of coniferyl alcohol, veratryl alcohol or 3, 4-dimethoxybenzyl alcohol, has been extensively studied in order to understand the chemistry of lignin and explore efficient transformation routes. One of the directions followed is the oxid...
	Scheme 2.1.  Catalytic oxidation of veratryl alcohol (VA) to veratraldehyde (VAld) and other products.
	In 1987, Kirk and Farrell reported the catalytic enzymatic oxidation of VA to VAld as part of a study into the microbial degradation of lignin [131].  Later, Diaz-González et al. carried out extensive studies into the enzymatic oxidation of VA using l...
	As an alternative to the enzymatic transformation of VA to VAld, various homogeneous catalysts have been tested including porphyrins, Schiff-bases, polyoxometalates and other metal salts  in the presence of stoichiometric oxidants (H2O2, t-BuOOH, NaCl...
	In contrast to homogeneous catalysts, solid catalyst can be recovered easily from liquid reaction mixtures; they can be good candidates for recycling if metal leaching is insignificant and can be used at elevated temperatures. Fan et al. has reported ...
	RuOX catalysts supported on silica (Ru/SiO2) and alumina (Ru/Al2O3) have been prepared, characterized and examined for the oxidation of VA to VAld with air in aqueous media. Analogous M/Al2O3 catalysts (M = MnOX, CoOX, CuOX and AgOX) were also prepare...
	2.2.1 Experimental.
	2.2.1.1 Materials.


	All chemicals were used as received without further purification unless otherwise specified. Veratryl alcohol (> 96%, VA), veratraldehyde (99%, VAld), veratrol (99%),  manganese(II)acetate tetra-hydrate (> 99%), cobalt(II)nitrate hexahydrate (p.a.), c...
	2.2.1.2 Catalyst preparation.

	The supported catalysts were prepared by wet impregnation. Appropriate amounts of ruthenium or other metal (manganese, cobalt, copper and silver) precursors were dissolved in water and either alumina, zirconia, spinel or silica was slowly added to the...
	2.2.1.3 Catalyst characterization

	The synthesized catalyst were characterized by nitrogen physisorption and TEM. Nitrogen physisorption analysis was performed with Micromeritics ASAP 2020 Surface Area and Porosimetry Analyzer at 77K. The samples were outgassed under vacuum at 200 ⁰C p...
	2.2.1.4 Standard oxidation procedure.

	Catalytic experiments were performed in an autoclave (Microclave 50 ml reactor, Autoclave Engineers) charged with an appropriate amount of veratryl alcohol, catalyst (100 mg) and water or methanol (10 ml) as solvent. The reactor was pressurized with a...
	2.2.2 Results and discussion.

	The conversion and yield of a number of prepared catalysts for the aerobic oxidation of VA to VAld are compiled in Table 2.1. As expected, blank experiments without catalysts, using alumina and silica alone gave very poor yields of VAld, confirming th...
	Table 2.1.Testing with different catalysts in water as solvent.
	When Ru/Al2O3 (2) catalyst made with ruthenium (III) acetylacetonate, was applied, the yield of VAld increased significantly from 17 to 37%. The VAld yield favorably improved to 67%, when Ru/Al2O3 (1) made from ruthenium (IV) oxide hydrate was used. B...
	Figure 2.2. High-resolution TEM images of (left) 5 wt. % Ru/Al2O3 (1) and (right) 5 wt. % Ru/Al2O3 (2).
	When the support was changed from alumina to silica, the yield decrease from 67 to 46% from Ru/Al2O3 (1) to Ru/SiO2 after 5 h. Large differences were also measured in surface areas of the two catalysts.
	In the case of by-product, veratrol (Scheme 2.1) in reaction with VA and Ru catalysts, very poor yields, less than 3% were found, even at temperatures below 160⁰C as shown in Figure 2.3, where the yield of all products decreased with temperature. Prev...
	Figure 2.3. Temperature study for VA conversion into VAld with Ru/Al2O3 (1) in water, 5h
	(Each set of data are from individual experiments).
	A 69% yield of VAld, along with 21 % yield of veratrol and full conversion of VA, were achieved using Ru/Al2O3 (1), with the VAld yield practically the same as that obtained after 5 h of reaction.  In the case of Ru/SiO2, the VAld yield was around 69%...
	Table 2.2. Testing with different catalysts in water as solvent.

	Figure 2.4. Time course study for VA conversion into VAld with Ru/Al2O3 (1) at 160 oC in water (each set of data are from individual experiments).
	When water was replaced with methanol as solvent, a drastic reduction in the yield of VAld with Ru/Al2O3 (1) was observed at 160 ⁰C and 20 bar Ar, decreasing from 69% to 22% due to the formation of the by-product 1, 2-dimethxy-4-(methoxymethyl)benzene...
	Table 2.3. Testing with different catalysts in methanol as solvent and argon

	Scheme 2.2. The conversion of veratryl alcohol to its corresponding ether (VA-ether).
	To determine the viability of the catalytic system, the catalyst Ru/Al2O3 (1) was subjected to recyclability studies in the VA oxidation reaction (Figure 2.5). After each reaction run, the catalyst was collected by filtration, and thoroughly washed wi...
	Figure 2.5. Reuse of Ru/Al2O3 (1) catalyst for three consecutive VA oxidation reactions (reaction conditions: VA to catalyst mass ratio = 1.04, 10 ml of water, 5 h, 160 oC).
	After the consecutive reactions, the Ru/Al2O3 (1) catalyst was subjected to surface area measurements. There was an increase in the BET surface area of about 20%, from an original 166 m2/g to about 201 m2/g, which is more akin to the surface area of t...
	2.3 Guaiacyl glycerol--guaiacyl ether.

	The vast majority of the methods focused on the oxidation of lignin and associated model compounds employ harsh conditions, afford products with low yield or selectivity, or use simple model compounds, such as veratryl alcohol. The use of dimeric lign...
	The oxidative depolymerization of GGGE has been useful for developing an insight into lignin depolymerization. Based on the previous studies of the catalytic aerobic oxidation of veratryl alcohol, a simpler -O-4 lignin model compound, this part of th...
	Scheme 2.3. Aerobic catalytic oxidation of guaiacyl glycerol--guaiacyl ether (GGGE) to guaiacol, vanillic acid, vanillin and other products.
	2.3.1 Experimental.
	2.3.1.1 Materials.


	All chemicals were used as received, and without further purification unless otherwise specified. Guaiacyl glycerol--guaiacyl ether (>99%) was prepared from acetovanillone through a multiple step synthesis route, using a reported procedure [106]. Van...
	2.3.1.2 Catalyst preparation.

	The supported catalysts were prepared by wet impregnation. Appropriate amounts of ruthenium or other metal (manganese, cobalt, copper and silver) precursors were dissolved in water and either alumina, zirconia, spinel or silica was slowly added to the...
	2.3.1.3 Catalyst characterization

	The synthesized catalyst were characterized by nitrogen physisorption and TEM. Nitrogen physisorption analysis was performed with Micromeritics ASAP 2020 Surface Area and Porosimetry Analyzer at 77K. The samples were outgassed under vacuum at 200 ⁰C p...
	2.3.1.4 Standard oxidation procedure.

	The catalytic aerobic oxidation of GGGE was typically conducted in an autoclave (Microclave 50 ml reactor, Autoclave Engineers) charged with an appropriate amount of guaiacyl glycerol--guaiacyl ether (GGGE), catalyst (40 mg) and acetonitrile (10 ml) ...
	2.3.2 Results and discussion.

	Different metal oxide catalysts were tested for the aerobic oxidation of GGGE in acetonitrile, and results are show in Table 2.4. Initially, blank experiments were carried out using no catalyst or alumina support  in place of the catalyst. Poor yields...
	Table 2.4. Oxidation of GGGE over various supported catalyst in acetonitrile.
	The yield of guaiacol increased from 15 to 18 % when the Co/Al2O3 catalyst was applied in the reaction. Encouragingly, the guaiacol, vanillin and vanillic acid yields were improved even further to 21, 8 and 8 %, respectively, for the Mn/Al2O3 catalyst...
	When Ru/Al2O3 (A) catalyst made with ruthenium (III) chloride hydrate was applied, the yields of guaiacol and vanillin increased by 1% in each case in relation to the yield obtained with the Ag/Al2O3 catalyst. In addition, the vanillic acid yield favo...
	It is well documented in the literature that the metal loading present in a metal oxide based catalyst can have a significant effect on the structural, physical and catalytic properties of the catalyst being developed [157-159]. Ru/Al2O3 catalysts wit...
	The highest yield of guaiacol (28%), vanillin (11%) and vanillic acid (11%) were reached with a 5 wt. % (with respect to the metal), Ru/Al2O3 (A) made with ruthenium(III) chloride hydrate.  The catalysts with 3 wt. % and 1 wt. % respect to the metal g...
	Table 2.5. Oxidation of GGGE over different loadings for the Ru/Al2O3 (A) catalyst in acetonitrile.
	BET surface area of the synthesized catalysts remained constant at approximately 160 m2g-1 for the catalyst below 5 wt. % (Table 2.5). A higher ruthenium loading used in Ru/Al2O3 (A), led to a decrease in the BET surface area to 148 m2g-1, possibly du...
	TEM images of the fresh and used Ru/Al2O3 catalysts with 1, 3 and 5 wt. % ruthenium loading are presented in Figure 2.6. The catalysts with 5 wt. % ruthenium loading revealed the presence of Ru containing nanoparticles. The nanoparticles observed had ...
	The discovery that the Al2O3 support was active for the conversion of GGGE under the reaction conditions inspired the synthesis and catalytic testing of a number of catalysts varying the support material, including SiO2, Spinel, ZrO2 and HY(6), see Ta...
	Figure 2.6. High-resolution TEM catalysts images of (up-left) Ru/Al2O3 (A1) fresh, (up-right) Ru/Al2O3 (A1) used, (medium-left) Ru/Al2O3 (A3) fresh, (medium-right) Ru/Al2O3 (A3) used, (down-left) Ru/Al2O3 (A) fresh, (up-right) Ru/Al2O3 (A) used.
	Table 2.6. Oxidation of GGGE over different loadings for the Ru/Al2O3 (A) catalyst in acetonitrile.
	Three different precursors were also used for the preparation of Ru/Al2O3 catalysts results are shown in Table 2.7. The lowest product yield was obtained by Ru/Al2O3 (B) made using ruthenium (III) acetylacetonate as the Ru precursor. An improvement wa...
	Table 2.7. Oxidation of GGGE over ruthenium catalysts made with different precursors.
	In order to understand the discrepancy in activity between the Ru/Al2O3 catalysts synthesized with the three different precursors, the catalysts were subjected to surface area measurement and microscopes studies. As shown in Table 2.5 BET surface area...
	Figure 2.7. High-resolution TEM catalysts images of (left) Ru/Al2O3 (A), (middle) Ru/Al2O3 (B), and (right) Ru/Al2O3 (C).
	It is important to emphasize that when determining the mass balance of the reaction, it has been assumed that two molecules of guaiacol are formed per molecule of GGGE used (Scheme 2.3). One of these guaiacol molecules could be formed from vanillin de...
	Scheme 2.4. Aerobic catalytic oxidation of vanillin into guaiacol.
	Table 2.8. Vanillin conversion into Guaiacol for Ru/Al2O3 (C), Ag/ Al2O3 and Mn/Al2O3 catalysts.
	The aerobic oxidation of vanillin resulted in poor yields of guaiacol for the three catalysts tested after 20 h of reaction.  Ru/Al2O3 (C) gave the highest yield to products, with a vanillin conversion of 58 %, however only 3% was converted to guaiaco...
	The influence of the pressure on the catalytic conversion of GGGE using Ru/Al2O3 (C) has been analyzed in different atmospheres, and solvents (Table 2.9). The first three experiments (1-3) have been tested in pressure tubes, using water as solvent at ...
	Table 2.9. GGGE conversion over different atmosphere pressure.
	The effects of reaction temperature on the formation of guaiacol, vanillin and vanillic acid was studied in the range 120 to 200 ⁰C, and the results are shown in Figure 2.8. The conversion of GGGE increased gradually in the range of 120 – 160 ⁰C, to f...
	Figure 2.8. Temperature study for GGGE conversion into with Ru/Al2O3 (C).
	Reaction conditions: 10 ml 0.017 M GGGE solution in CH3CN; 40 mg catalyst (5 wt. % metal),   20 h, 5 bar (20 % O2 + Argon). Each set of data on the time axis is from individual experiments.
	In order to examine in more details the way in which guaiacol, vanillin and vanillic acid formation develop during the reaction with Ru/Al2O3 (C) in acetonitrile, the reaction time was prolonged to 30 h, and the results are summarized in the time-cour...
	Figure 2.9. Time-course study for GGGE conversion into with Ru/Al2O3(C).
	Reaction conditions: 10 ml 0.017 M GGGE solution in CH3CN; 40 mg catalyst (5 wt. % metal), 160⁰C, 5 bar (20% oxygen + argon). Each set of data on the time axis is from individual experiments.
	Catalyst recyclability is important for the viability of a catalyst system. Accordingly, the Ru/Al2O3 (C) catalyst was subjected to reuse studies in the GGGE oxidation reaction (Figure 2.10). After each run, the catalyst was recovered by filtration, t...
	The results shown in Figure 2.10 indicate a slight loss of catalyst performance after the fifth reaction run, resulting in a decrease in the guaiacol yield from 34 to 30%, with vanillin yield reduction from 13 to 7% and vanillic acid from 11 to 6%. Pa...
	Figure 2.10. Reuse of Ru/Al2O3 (C) catalyst for five consecutive GGGE oxidation reaction in acetonitrile. Reaction conditions: GGBGE to catalyst mass ratio: 1.30, solvent: acetonitrile, 160 ⁰C, 20 h, 5 bar (20% O2 + Ar).
	The used Ru/Al2O3 (C) catalyst was subjected to TEM studies, and the results are displayed in Figure 2.11.  As expected, the Ru/Al2O3 (C) contain relative larger nanoparticles, with defined straight edges, after five consecutive runs. Hence, the used ...
	Figure 2.11. High-resolution TEM catalysts images of (left) Ru/Al2O3 (C) fresh, and (right) Ru/Al2O3 (C) after 5 uses.
	2.4 Summary

	Two different -O-4 lignin model compounds (VA and GGGE) were tested in an oxidation reaction and attempted converted into high-value chemicals, such as VAld (useful flavorant and odorant), guaiacol (precursor to various flavorants, such as eugenol an...
	Different catalysts containing transition metals (Mn, Co, Cu, Ag and Ru) supported on Al2O3 and SiO2 have been tested in the oxidative transformation of veratryl alcohol (VA) in a batch reactor. The Ru/Al2O3 catalyst prepared with ruthenium (IV) oxide...
	The catalytic oxidative transformation of guaiacyl glycerol--guaiacyl ether (GGGE), a dimeric -O-4 lignin model compound, to produce simpler aromatic compounds (guaiacol, vanillin and vanillic acid) using metal supported catalysts was further examin...
	Future work concerning catalyst optimization may involve the development of Ru/Al2O3 catalysts that display higher activity and selectivity, and a process which results in less Ru loss during the reaction.
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	Chapter 3
	Organosolv process
	for wood depolymerization
	Abstract.

	This chapter describes the use of an environmentally friendly process, the organosolv process, for treating lignocellulosic biomass in the presence of a solvent and using reaction conditions under which at least part of the lignin is separated from th...
	1.
	1
	2
	3
	3.1 Introduction.

	The organosolv process, as described in Chapter 1, is a chemical process that can be used to separate lignin and other useful materials from biomass. The organosolv process typically involves the use of organic solvents at high temperature and pressur...
	The solvents used are varied: ethanol, methanol, other aliphatic alcohols, aromatic alcohols, ketones, carboxylic acids, or amides. The use of methanol and ethanol are of great interest because of their lower cost, high volatility and the attractive p...
	3
	Organosolv processes can be classified as acidic or basic, depending on the pH of the reaction medium [164].
	Acidic media.

	The simplest organosolv processes are carried out at neutral pH. High temperatures cause hemicellulose degradation into organic acids (mainly acetic acid) that acidify the medium to a pH between 3 and 4. These processes are autocatalyzed. The acidic e...
	Some methods typically focus on the addition of strong inorganic acids such as H2SO4 or HCl, as catalyst. This increases the acidity of the system, leading to a reduction in the temperature and pressure required to obtain good delignification. The rec...
	Figure 3.1. Fractionation of lignocellulosic biomass by organosolv process [166]
	The best-known autocatalyzed process is the Alcell Process, which uses a 50% v/v ethanol/water mixture. The operating temperature is around 195 – 200 ⁰C, with a process time of 60 min and a liquid/solid ratio of 6:1 to 7:1. The Alcell process is espec...
	Cooking
	Process
	Lignin
	Separation
	Solvent
	Separation
	Solvent recycling
	Cellulose (C)
	Lignin (L)
	Hemicellulose (H)
	Lignocellulose
	Solvent
	Water (+ catalyst)
	Lignin exhibits better solubility in pure solvents (alcohol), but organic solvent-water mixtures provide higher delignification. This is because some water is needed to force the acidification of the medium released by dissociation of the acid. Acidif...
	Excess acidity can cause hydrolysis of the polysaccharides and thus a loss of selectivity, yield and viscosity, besides giving rise to condensation and subsequent precipitation of the dissolved lignin pulp, causing the so called redeposition [164-166].
	Alkaline media.

	These processes can be considered as variants of the conventional alkaline processes (lignosulphonate, Kraft, soda pulping) in which different proportions of organic solvents have been introduced [166]
	One example of an alkaline organosolv-process is the Organocell process, which uses methanol (5-30 vol. %) and soda (17-20 vol. %) in a first step, followed by a second step using anthraquinone (0,1 vol. %). This process, unlike the Alcell process, is...
	The main advantage of alkaline over acidic processes is that they are effective for the treatment of softwoods as well as hardwoods, but solvent recovery is more complex since the alkali used must be retrieved [166].
	This section of the thesis focuses on the optimization of an acidic organosolv process, similar to the Alcell process. As part of the process optimization, different inorganic acids have been tried as catalysts, as well as different ethanol-water rati...
	3.2 Experimental.
	3.2.1 Materials.


	All chemicals were purchased from Sigma-Aldrich as received, and without further purification unless otherwise specified. Birch sawdust was provided by Dalian Institute of Chemical Physics (DICP), China, as a generous gift. Beech sawdust was acquired ...
	3.2.2 Characterization techniques.
	NMR spectroscopy


	1H-13C HSQC NMR spectra were recorded on an 800 MHz Bruker (Fällanden, Switzerland) Avance spectrometer. Sensitivity enhanced 1H-13C HSQC spectra were acquired with narrow spectral width in the indirect dimension using the standard Bruker pulse sequence.
	Lignin (40 mg) or reaction mixture was dissolved in 0.5 mL of DMSO-d6. The spectra were interpreted according to values published in the excellent report by Wen et al. [167]. The signal intensity before and after treatment of the lignin material were ...
	Figure 3.2. 2-D NMR spectrum (HSQC experiment) for organosolv lignin (A1). The lignin structures identified are: (A) β-O-4′ substructure; (B) β-5′, α-O-4′ phenylcoumaran substructure; (C) β-β′ resinol substructure.
	3.2.3 Modified Organosolv process procedure

	A - -O-4
	C - Resinol
	B - Phenylcoumaran
	The raw materials were dried at 60 ⁰C under vacuum for 48 h. The desired amount of wood was then dispersed in the solvent and charged to  an autoclave (Microclave 50 ml reactor, Autoclave Engineers). The reactor was pressurized with argon (20 bar) or ...
	The reaction filtrate was stirred slowly, and twice the volume of water was added to the solution, causing the precipitation of light yellow floccules. The precipitate was centrifuged and dried at 60 ⁰C under vacuum for 24 hours. All the components we...
	Figure 3.3. Scheme of the organosolv procedure followed.
	3.3 Results and discussion.

	Two different kinds of wood, birch (A1) and beech (A2) sawdust were subjected to the organosolv process, in the absence of a catalyst, using 30 mL solvent (50% ethanol, 50% water) at 180 ⁰C., with a solid/liquid ratio of 1/16. Results are shown in Tab...
	Figure 3.4. 2-D NMR spectrum (HSQC experiment) for A1 organosolv lignin (left) and B1 organosolv lignin (right). The lignin structures identified are: (A) β-O-4′ substructure; (B) β-5′, α-O-4′ phenylcoumaran substructure; (C) β-β′ resinol substructure.
	Table 3.1. Results of different organosolv procedures. Changing in ethanol-water ratio, and catalyst.
	Experiments B1 and B2 were conducted using beech sawdust with 30 mL solvent (50 vol. % ethanol, 50 vol. % water) at 180 ⁰C, and a solid/liquid ratio of 1/16 (Table 3.1). H2SO4 was added during experiment B2 in order to increase the acidity of the syst...
	The -O-4 ratio of binding is of great importance for subsequent lignin upgrading processes, as shown in Chapter 2 of this thesis in which -O-4 lignin model compounds have been used. The use of H2SO4, as catalyst in the organosolv process demonstrate...
	B2        B3
	B4          B5
	Figure 3.5. 2-D NMR spectrum (HSQC experiment) for organosolv lignin over H2SO4: B2 (top-left), B3 (top-right) and B4 (bottom-left), and for organosolv lignin over Acetic acid B5 (bottom-right).
	The lignin structures identified are: (A) β-O-4′ substructure; (B) β-5′, α-O-4′ phenylcoumaran substructure; (C) β-β′ resinol substructure
	A - -O-4
	C - Resinol
	B - Phenylcoumaran
	The process was scaled up from 5 to 50 g of beech wood. Table 3.2 shows the results of the larger scale experiments using 0.5 mM H2SO4 as catalyst, with 60 vol. % ethanol, 40 vol. % water as solvent with a 200 min reaction period under 20 bar of nitro...
	Experiment C2 and C3 can be used to compare the effect of the solid/liquid ratio (m/v) on the lignin yield. Experiment C2, which used 1/6 solid/liquid ratio (m/v) produced 17 wt. % of lignin after the organosolv process. In experiment C3, only 14 wt. ...
	In experiment C1 a temperature of 200 ⁰C was used for the organosolv treatment. 13 wt. % of lignin was obtained from this reaction, with a -O-4 ratio of 2.90 and a phenylcoumaran ratio of 0.62, attained from the NMR spectrum (appendix). When the temp...
	Lignin C2 gave the highest amount of lignin (17 wt. %) and lignin C4 presented the highest -O-4 ratio of binding of all the lignin polymers obtained from the organosolv treatment developed. Therefore these lignin materials were selected for use in fu...
	Table 3.2. Scale-up organosolv process. Optimization of temperature and solid/liquid ratio.
	The lignin materials obtained in the larger scale organosolv experiments had different colors and textures, as can be seen in Figure 3.6. However, no link could be made between the appearance of the lignin material obtained and the reaction conditions...
	Figure 3.6. Organosolv lignin obtained from C1 to C4.
	C1       C2
	C3       C4
	Figure 3.7. 2-D NMR spectrum (HSQC experiment) for the organosolv lignin obtained in the scale-up processes: C1 (top-left), C2 (top-right), C3 (bottom-left) and C4 (bottom-right).
	The lignin structures identified are: (A) β-O-4′ substructure; (B) β-5′, α-O-4′ phenylcoumaran substructure; (C) β-β′ resinol substructure
	3.4 Summary

	A - -O-4
	C - Resinol
	B - Phenylcoumaran
	Two different kinds of wood have been used in the organosolv treatment. Birch sawdust gave the highest amount of lignin and a better ratio of -O-4 binding than beech sawdust. However, beech sawdust was chosen for use in further experiments due to its...
	The highest amount of lignin (17% wt. %) was obtained in an organosolv process using 0.5 mM H2SO4 as catalyst, with 60 vol. % ethanol, 40 vol. % water as solvent, a reaction time of 200 min and a pressure of 20 bar of nitrogen, with a solid/ liquid ra...
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	Chapter 4
	Organosolv lignin
	oxidation and hydrogenolysis
	Abstract.

	This chapter describes a catalytic process for the valorization of lignin (C2 and C4 organosolv lignin as described in chapter 3) using a mixture of methanol (80 vol. %) and water.  A two-step catalytic system was tested for the organosolv lignin prod...
	1
	2
	3
	4
	4.1 Introduction.

	Currently, over 98% of lignin is burned as a source of energy [170].  While the small scale production of low-value lignin products exists (epoxy resins, polyurethane foams, circuit boards, dispersants, car brakes, etc.), the absence of high-value com...
	4
	Heterogeneous catalytic oxidation reactions can help in the production of the more complex platform aromatic compounds with additional functionalities, coupled with easy product separation. Moreover, hydrogenolysis of lignin is one of the most promisi...
	Establishing a process for lignin valorization that could be directly adapted to the biorefineries currently in operation represents a real challenge. Thus, this chapter intends to explore alternative technologies, that have not been previously applie...
	Ni supported on silica (Ni/SiO2), mordenite (Ni/HMOR) and magnesia (Ni/MgO) have been prepared and tested in the hydrogenolysis of organosolv lignin (Chapter 3) with H2 in a mixture of methanol (80%) and water.
	The efficiency of RuOx supported on -alumina (Ru/Al2O3), silica (Ru/SiO2), zirconia (Ru/ZrO2), spinel (Ru/Spinel), mordenite (Ru/HMOR) and HY(6) (Ru/HY(6)) has been tested for organosolv lignin oxidation.  Analogous M/Al2O3 catalysts (M = MnOX, and F...
	4.2 Experimental
	4.2.1 Materials.


	All chemicals were purchased from Sigma Aldrich, and used as received, without further purification unless otherwise specified. Lignin C2 and C4 were prepared from beech sawdust using the organosolv procedure described in Chapter 3.  (-Aluminium oxide...
	4.2.2 Catalyst preparation.

	Excess solution impregnation was used to prepare the supported catalysts. Appropriate amounts of ruthenium or other metal (manganese, and iron) precursors were dissolved in water and either alumina, zirconia, spinel, magnesia, HY(6), HMOR or silica wa...
	4.2.3 Oxidation and hydrogenolysis of lignin

	In a typical catalytic reaction, methanol (80 vol. %) in water was added into a 50 mL autoclave (Parr 4843) with an appropriate amount of lignin and catalyst (50 mg).  Afterwards, the reactor was flushed three times with the reactant gas mixture: oxyg...
	4.2.4 Oxidation followed by hydrogenolysis.

	Catalytic oxidation experiments were performed in an autoclave (Parr 4843, 50 mL reactor autoclave) charged with an appropriate amount of lignin, catalyst (100 mg) and mixture of methanol (80%) in water as solvent (20 mL). The reactor was pressurized ...
	The 10 mL portion of the oxidation product solution was added into a 50 mL autoclave (Parr 4843) with an appropriate amount of catalyst (50 mg).  Afterwards, the reactor was flushed three times with hydrogen (20 bar). Mechanical stirring of the reacto...
	Figure 4.1. Scheme for oxidation followed by hydrogenolysis experiments.
	4.2.5 Characterization techniques.
	NMR spectroscopy


	1H-13C HSQC NMR spectra were recorded on an 800 MHz Bruker (Fällanden, Switzerland) Avance spectrometer. Sensitivity enhanced 1H-13C HSQC spectra were acquired with narrow spectral width in the indirect dimension using the standard Bruker pulse sequence.
	After lignin oxidation or hydrogenolysis, the reaction mixture was dissolved in 0.5 mL of DMSO-d6. NMR spectra were interpreted using assignments made by Wen et al. [167]. The signal intensity before and after treatment of the lignin material were nor...
	Figure 4.1. 2-D NMR spectra (HSQC experiment) for organosolv lignin obtained in Chapter 3, C2 (left), C4 (right). The lignin structures identified are: (A) β-O-4′ substructure; (B) β-5′, α-O-4′ phenylcoumaran substructure; (C) β-β′ resinol substructure.
	4.3 Results and discussion

	A - -O-4
	C - Resinol
	B - Phenylcoumaran
	Several promising studies have been reported on the use of the hydrogenolysis process for the depolymerization of native lignin into monomeric phenols using alcoholic solvents and nickel-based catalysts [113, 126, 130, 171-173]. In addition, organosol...
	When the Ni/MgO catalyst was used in the hydrogenolysis of C2 organosolv lignin (ratio of binding 3.03:1:0.79), a decrease in the -O-4 (from 3.03 to 2.07) and phenylcoumaran (from 0.79 to 0.69) interunit was observed, which was poor in comparison to ...
	Table 4.1. Hydrogenolysis of organosolv lignin over various nickel supported catalysts
	C2 Organosolv lignin    Experiment H3
	Figure 4.2. 2-D NMR spectrum (HSQC experiment) for organosolv lignin C2 before (left) and after hydrogenolysis over Ni/HMOR, experiment H3 (right).
	The lignin structures identified are: (A) β-O-4′ substructure; (B) β-5′, α-O-4′ phenylcoumaran substructure; (C) β-β′ resinol substructure
	With a successful ether bond cleavage method established for -O-4 model compounds (Chapter 2), it was decided to test the depolymerization method on organosolv lignin. This method consisted of a first step, involving the oxidative depolymerization of...
	Different metal oxide catalysts were tested for the first step (oxidation of organosolv lignin), and results can be seen in Table 4.2. Initially, an experiment was carried out using silica stead of a catalyst (L11), which resulted in very poor degrada...
	A - -O-4
	C - Resinol
	B - Phenylcoumaran
	When manganese- and nickel-based catalysts (L08 to L10) were applied to the oxidative organosolv lignin depolymerization and further hydrogenolysis, it was discovered that the tandem Mn/Al2O3 and Ni/HMOR (L10) produced the highest amount of lignin deg...
	Due to the favorable results obtained in the cleavage of the -O-4 model compounds (Chapter 2), it was decided to test ruthenium-based catalysts to enhance the catalytic oxidation of organosolv lignin (L01 to L06), and the results are shown in Table 4...
	After the organosolv lignin oxidation over Ru/Al2O3 (L06), the -O-4 binding motif was degraded from a binding ratio of 3.03 to 1.45 (52 %) after the first step, and to 1.33 (56 %) after the second step (Figure 4.4). Furthermore, the phenylcoumaran in...
	Table 4.2. Two steps oxidation and hydrogenolysis of organosolv lignin over various supported catalyst.
	C2 Organosolv lignin
	Experiment L01 Oxidation          Experiment L01 Hydrogenolysis
	Figure 4.3. 2-D NMR spectrum (HSQC experiment) for organosolv lignin C2 before (top) and after oxidation over Ru/SiO2 (left) and hydrogenolysis over Ni/HMOR, experiment L01 (right).
	The lignin structures identified are: (A) β-O-4′ substructure; (B) β-5′, α-O-4′ phenylcoumaran substructure; (C) β-β′ resinol substructure
	C2 Organosolv lignin
	Experiment L06 Oxidation          Experiment L06 Hydrogenolysis
	Figure 4.4. 2-D NMR spectrum (HSQC experiment) for organosolv lignin C2 before (top) and after oxidation over Ru/Al2O3 (left) and hydrogenolysis over Ni/HMOR, experiment L06 (right).
	The lignin structures identified are: (A) β-O-4′ substructure; (B) β-5′, α-O-4′ phenylcoumaran substructure; (C) β-β′ resinol substructure
	The effect of reaction temperature on the oxidative lignin depolymerization followed by hydrogenolysis was studied in the range of 160 to 200 ⁰C, with a pressure of 20 bar of 20% oxygen in argon for the first step (oxidation), with a fixed temperature...
	Table 4.3. Temperature study for two-step lignin depolymerization over Ru/Al2O3 catalyst.
	It has been demonstrated that an increase in the temperature of the oxidation step, caused an increase in the degradation of the -O-4 interunit after the two steps. After oxidation at 200 ⁰C (T3) with methanol (80%) in water as solvent, under a press...
	The influence of the oxidation time on the binding ratio was also studied over Ru/SiO2, which gave the highest degradation in the -O-4 interunit in previous studies, and Ni/SiO2, which showed promising results in previous lignin hydrogenolysis runs a...
	C4 Organosolv lignin    Experiment T1
	Figure 4.5. 2-D NMR spectrum (HSQC experiment) for organosolv lignin C4 before (left) and after oxidation and hydrogenolysis over Ru/Al2O3 (right).
	The lignin structures identified are: (A) β-O-4′ substructure; (B) β-5′, α-O-4′ phenylcoumaran substructure; (C) β-β′ resinol substructure
	A - -O-4
	C - Resinol
	B - Phenylcoumaran
	Originally, a blank experiment (O5) showed very poor degradation of the organosolv lignin binding groups, with a decrease in the binding ratio from 3.68 to 3.45 (6%) for the -O-4 interunit, and from 0.62 to 0.60 (3%) for the phenylcoumaran interunit....
	C4 Organosolv lignin    Experiment O2
	Figure 4.6. 2-D NMR spectrum (HSQC experiment) for organosolv lignin C4 before (left) and after oxidation over Ru/SiO2 (right) after 20 h.
	The lignin structures identified are: (A) β-O-4′ substructure; (B) β-5′, α-O-4′ phenylcoumaran substructure; (C) β-β′ resinol substructure
	A - -O-4
	C - Resinol
	B - Phenylcoumaran
	Table 4.4. Influence of time-reaction and catalyst in the oxidative depolymerization of lignin
	Encouraged by the finding that the linkages of both lignin C2 and C4 were cleaved, the reaction samples were analysed by GC-MS, in order to identify the possible products obtained. Compounds such as vanillin, guaiacol, catechol were identified, but wi...
	4.4 Summary

	The oxidative depolymerization of organosolv lignin followed by a catalytic hydrogenolysis, has been developed as a two-step depolymerization process for lignin degradation. Different catalysts have been tested with the highest degradation degree ach...
	In order to improve the oxidation step, the reaction time was studied over the Ru/SiO2 catalyst. When the reaction time was prolonged to 20 hours an increase in the degradation of the organosolv lignin linkages ocurred.  76 % of the -O-4 binding moti...
	Although GC, GC-MS and HPLC analyses were carried out in order to identify more of the products obtained, no further identifications could be made.  Alternative methods, such as size exclusion chromatography are required to investigate this further.
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