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ABSTRACT

Furfural (FUR) is a furanic compound derived from the dehydration of pentoses found in
abundance in biomass and various sugar-containing industrial waste streams. FUR could
potentially serve as an essential biobased platform molecule as it can be upgraded into a
plethora of different fuels and chemicals currently produced from petroleum-based resources.
In this thesis, the production of FUR from D-xylose (XYL) and fruit and berry (F&B) rejects
was investigated using a biphasic reaction system. Methyl isobutyl ketone (MIBK) was used as
an in-situ extraction solvent to enhance the FUR yield by stabilizing the final product, thus
minimizing by-product formation. The influence of substrate loading, catalyst loading, the
volumetric ratio between the organic extraction phase and the aqueous reaction phase, residence
time, and reaction temperature, and how each factor affected FUR yield, XYL conversion, and
reaction selectivity were investigated. The best FUR yield obtained in this thesis was 42.9mol%
from the dehydration of 0.83M XYL using 0.032M sulfamic acid as a catalyst with an organic-
to-aqueous ratio of 1:4 at 200°C for 90 min. However, the reaction system still has potential for
further optimalization. When cherry rejects were used as feedstock under the same reaction
conditions, a maximum FUR and HMF yield of 0.56wt% and 9.87wt% were obtained,
respectively. For plums, the FUR and HMF yields were 0.45wt% and 11.93%, respectively.
The work conducted in this thesis has also established reliable analytical procedures using
qNMR for accurate and precise quantification of furanic derivatives generated in a biphasic
solvent system. In addition, the results have demonstrated that F&B rejects could serve as a
promising biobased feedstock for the production of value-added fuels, chemicals, and materials
that have traditionally been produced from petroleum resources, which is highly desirable seen

from a sustainable perspective.
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1. INTRODUCTION

Global primary energy consumption continues to rise due to a rapidly growing global
population and increased energy demand per capita. Consequently, providing the world with
clean, affordable, and renewable sources of energy is of paramount importance in order to cut
greenhouse gas (GHG) emissions and mitigate climate change. Even though the feasibility of
fossil exploitation is anticipated to decline due to its inevitable depletion, fossil-derived energy
continues to dominate the global energy market in the twenty-first century, with an estimated
market share of 81% in 2020 (Sundaram, 2015, IEA, 2020b). Numerous projections regarding
the global “peak 0il” production have been made ever since the concept was introduced in 1956
(Hubbert, 1956). How steep the downward facing slope of diminishing economic returns will
be after peak oil has been reached, is still an ongoing debate and is highly dependent upon
future policy frameworks and technological development (Kuhns and Shaw, 2018). In the
World Energy Outlook (WEO), published by the International Energy Agency (IEA) in 2020,
oil production and demand are expected to reach their peak around 2040 (106mb/d) based on
existing policy frameworks and the outlined trajectory of global energy consumption, emission
levels, and energy security (IEA, 2020b). In order to reduce this prolonged dependence on fossil
feedstocks, deployment of renewable technologies capable of generating viable and energy-
efficient fuels and chemicals is critical to ensure the future prosperity of the human enterprise

(Cherubini, 2010).

Acknowledging sustainability as an integral part of societal, economic, and environmental well-
being has led to numerous scientific publications and the introduction of several international
policies and agreements concerning energy and climate over the past decades. The publication
of the Twelve Principles of Green Chemistry in 1998 (Anastas and Warner, 1998) established
a fundamental basis for state-of-the-art production of more environmentally friendly fuels and
chemicals. The subsequent announcement of the 17 sustainable development goals (SDGs) by
the United Nations (UN) in 2015 in combination with the signing of the Paris Agreement (PA)
later the same year resulted in a revived surge in the development of greener alternatives to

fossil-derived energy, chemicals and products (Acheampong et al., 2017).

In this context, it has become increasingly apparent that biomass can serve as a replacement for

a considerable fraction of the fossil feedstocks currently being used as raw materials in the



energy- and production sectors. The recognition of biomass as an invaluable renewable resource
has been a major driving force for the advancement of biorefineries, aiming for the efficient
valorization of different biobased feedstocks. In fact, it is estimated that one-eighth of the
biomass produced each year could accommodate the annual global energy demand if utilized
to its full potential (Wertz and Bédué, 2013, Cherubini, 2010). Hence, biorefineries must strive
to identify the best universal platform molecules that can be upgraded to a plethora of different
fuels and chemicals (Cherubini, 2010). Dehydration of carbohydrates into furanic compounds,
like FUR and 5-hydroxymethylfurfural (HMF), derived from sustainable biomass sources can
potentially serve as viable replacements for petroleum-based platform molecules due to their
diverse applicability as renewable intermediates (Danon et al., 2014, Liu et al., 2020).
Consequently, FUR and HMF, sometimes referred to as “the sleeping giants” of sustainable
chemistry, could potentially play a key role in the ongoing sustainable revolution (Huber et al.,

2006, Millan et al., 2019).



2. BACKGROUND

2.1 THE CARBON CYCLE

There is a general understanding that carbon-containing greenhouse gas (GHG) emissions
affects Earth's climatic systems. Therefore, a basic understanding of the carbon cycle is
fundamental in order to apprehend the concept of climate change and potential measures that

can help shape a sustainable future.

Carbon constitutes the fourth most abundant element in the universe after hydrogen, helium,
and oxygen. It is continuously cycled between the Earth's main components, namely the
geosphere, hydrosphere, atmosphere, and Earth's interior in biogeochemical cycles. Carbon is
stored and captured in these reservoirs by several short- and long-term processes referred to as
the biological and geological carbon cycle, respectively. The latter includes long-term storage
of inorganic carbon in the ocean, the atmosphere, and in geological formations, primarily in the
form of carbonate rocks, minerals, and carbon dioxide (CO.). The short-term biological carbon
cycle includes carbon stored in biomass which has been defined as all “material produced by
the growth of microorganisms, plants and animals” (IUPAC, 1997). Carbon in the form of CO»
is sequestered by photosynthetic organisms, i.e., terrestrial plants and aquatic phytoplankton
and converted into organic molecules through photosynthetic processes. The biologically fixed
organic carbon is then distributed throughout the Earth's ecosystems before it is either re-
emitted as CO; into the atmosphere by respiration and decomposition, or buried under terrestrial
and/or marine sediments where it is slowly converted into fossil resources (Figure 2-1) (Wertz

and Bédué¢, 2013).

Carbon stored as fossil fuels, i.e., coal, oil, and natural gas, constitute the third-largest carbon
reservoir on the planet (Figure 2-1). Anthropogenic activities like exploitation and utilization
of fossil resources and alteration of natural landscapes have resulted in a strong disequilibrium
in the global carbon cycle. Carbon is efficiently moved from long-term storage reservoirs into
the atmosphere at a much higher rate than is being stored through natural processes, resulting
in increased atmospheric CO; levels (IPCC, 2018). As of October 2020, the National Oceanic
and Atmospheric Administration (NOAA) reported that the average atmospheric CO:
concentration had reached 415ppm. As a comparison, in the middle of the 18" century, i.e.,

during pre-industrial times, the atmospheric CO; concentration was in the 280ppm range



(NOAA, 2020). According to the Intergovernmental Panel on Climate Change (IPCC), the key
to limiting the global-mean temperature to 1.5°C above pre-industrial levels is to limit the
annual anthropogenic emissions of long-lived greenhouse gases like CO2 by about 45%
compared to 2010 levels (49+4,5 gigatons CO-equivalents per year) by 2030 (IPCC, 2018,
Edenhofer et al., 2014). IPCC further highlighted in the Fifth Assessment Report (ARS) from
2014 that fossil fuels should be completely phased out by 2100 if the 2°C goal set by the Paris
Agreement (PA) is to be reached. To achieve this, they further suggested that renewable energy
should constitute 80% of the global primary energy consumption by 2050 (Acheampong et al.,
2017). However, in a report from 2020, IEA concluded that the global energy system is
currently not on course to meet the ambitious goals set by the UN through the implementation
of the SDGs and the PA. To make matters even worse, the spread of the Covid-19 pandemic
has resulted in a systematic decline in global investments in renewable technologies, drastically
slowing the deployment of renewable energy solutions that are crucial for the clean energy
transition (IEA, 2020a, IEA, 2020b). Based on the abovementioned facts, it seems reasonable
to postulate that no single solution can solve the global climate- and energy dilemmas.
Therefore, several measures must be taken to meet the increasing demand for primary energy,

fuels, and products while simultaneously reducing carbon emissions.
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Figure 2-1: Simple schematic of the carbon cycle. The figure depicts how carbon is cycled between different
reservoirs. Each number is in gigatons carbon per year (GtC/yr). Yellow and red numbers indicate natural
carbon fluxes and anthropogenic carbon emissions, respectively. White numbers in brackets indicate organic

and inorganic carbon pools. The figure was adapted from (DOE, 2015) by Anja Lindgaard Molnes.

2.2 THE ADVANCEMENT OF GREEN CHEMISTRY

A major challenge within the field of chemistry and engineering is the development and
implementation of sustainable industrial processes and technologies. In the early 1990s, the US
Environmental Protection Agency (EPA) defined the phrase green chemistry "to promote
innovative chemical technologies that reduce or eliminate the use or generation of hazardous
substances in the design, manufacture, and use of chemical products" (Lancaster and
Chemistry, 2016). Later, a collaboration between John Warner and Paul Anastas resulted in the
publication of the “Twelve Principles of Green Chemistry” (Anastas and Warner, 1998). The

list was prepared to aid chemists and chemical engineers in developing industrial processes and



technology that were “benign by design” by making them more mass- and energy-efficient thus
preventing the generation of pollutants instead of managing waste "end-of-pipe". Sheldon later
formulated that the take-home message of green chemistry could be summarized as follows

(Sheldon, 2014):

e Waste minimization through efficient use of feedstocks and raw materials.

e Minimize the risk for environmental, health, and safety (EHS) issues by avoiding toxic
and/or hazardous chemicals and solvents.

e Replace conventional, non-renewable fossil-derived feedstocks with renewable

feedstocks like biomass.

Principle number 7 of green chemistry states that "a raw material or feedstock should be
renewable rather than depleting whenever technically and economically practical" (Anastas and
Warner, 1998). As a result, both the scientific and industrial communities have put much effort

into identifying potential bio-based feedstocks that could replace petroleum resources.

2.3 BIOFEEDSTOCKS

2.3.1 FIRST GENERATION FEEDSTOCKS

The utilization of first-generation feedstocks currently represents the majority of industrial scale
processes aiming at utilizing biomass for higher-value applications. First-generation feedstocks
primarily constitute the edible fractions of various food crops for fuel production, viz.
bioethanol and biodiesel production. However, the "food versus fuel dilemma" has sparked a
debate that has intensified over the past decade as first-generation fuel production diverts
farmland previously devoted to food and feed production. As a result, scientists and politicians
have advocated that our moral imperative is to explore alternative biobased sources for

conversion into fuels and value-added products (Sundaram, 2015).

2.3.2 SECOND GENERATION FEEDSTOCKS

Second-generation feedstocks, comprising lignocellulosic biomass (LCB), represent the vast
bulk of biologically derived matter on the planet and include inedible plant materials primarily

consisting of cellulose (30 — 50wt%), hemicellulose (20 — 40wt%), and lignin (10 — 25wt%)



(Figure 2-2). Examples of potential feedstocks include agricultural wastes (e.g., straw, corn
stover, corn cob, bagasse, molasses), forestry waste and energy-crops (e.g., switchgrass, poplar)
(Sadhukhan et al., 2014, Wertz and Bédué, 2013). Viable utilization of second-generation
biomass has proven difficult due to the complex structural matrix formed by the principal
structural components (vide infra). Consequently, development and deployment of
technologies capable of maximizing valorization of this bountiful feedstock is highly sought

after.

Microfibrils

Wood
cellular
fissue

Lignin Hemicellulose Cellulose
(10-20%) (20-40%) (30-50%)

Figure 2-2: General structure of LCB. P = Primary cell wall, S1, S2, S3 = Secondary cell wall layers, ML = Middle lamella.
Redrawn and modified from (Hoffimann, 1989).

2.3.2.1 CELLULOSE

Cellulose is the most abundant organic compound on Earth. It is a linear, unbranched polymer
composed of S-D-glucose units. Two distinct cyclic variants of D-Glucose occur naturally,
specifically as a six-membered or a five-membered ring termed pyranose and furanose,
respectively. Pyranose is the more stable cyclic form and involves the aldehydic function and

the oxygen attached to C5 (Figure 2-3). The anomeric center (C1) generated as a result of the



hemiacetal ring formation results in the existence of two anomers, designated a and f.
Cellulose consists of [-D-anhydroglucopyranose units ((C¢Hi206)s) in the energetically
favorable chair conformation, linked by [-1,4-glycosidic bonds (Figure 2-3) (Wertz and Bédué,

2013). a-D-glucose constitute the monomeric building block of starch.

H Reducing end
OH 4 /6 ¢
c OH
HO C=x5 — HO
HO - C 2 OH
o HO—o "
3

H 0)
n-2
OH OH

Non-reducing end

Figure 2-3: General structure of cellulose. The carbon and oxygen atom numbering are shown for the glucose monomer
inside the brackets. The reducing end with a hemiacetal is marked in red, and the non-reducing end with a free hydroxyl

group attached to C4 is marked in green. Adapted from (Wertz and Bédué, 2013).

Glycosidic bonds are formed when the anomeric center (C1) of one -D-glucose unit (glycone)
is coupled to an oxygen atom on an alcohol (aglycone). For cellulose, the anomeric center is
coupled to the alcoholic oxygen atom (O1) attached to C4 of another glucose monomer, thus
generating an oxygen-ether bridge between C1 and C4 of adjacent glucose monomers,
generating a disaccharide. OS5 is the oxygen that is part of the pyranose ring. O2 and O3 are the
oxygen atoms in the secondary alcohols, while O4 is the oxygen atom in the primary alcohol
(Figure 2-3). Further chain propagation generates cellulose, which can contain up to 8000
monomeric units (U). The f-anomeric configuration of cellulose involves the formation of
equatorial linkages. The two-fold helical conformation of the cellulose chain means that
adjacent glucose units are oriented with their mean planes at 180° angles relative to each other.
This forms a ribbon-like structure that enables intermolecular hydrogen bonding as the cellulose
molecules align in a parallel fashion. Consequently, cellulose molecules organize into
supramolecular crystals that form morphological structures known as microfibrils (Schobert,
2013). Cellulose is the chief constituent of lignocellulosic cell walls (Figure 2-2) and can
constitute as much as 65% of the holocellulosic fraction present in lignocellulosic plants, that
is, the total carbohydrate fraction consisting of cellulose and hemicellulose (Wertz and Bédué,

2013).



2.3.2.2 HEMICELLULOSE

Hemicellulose differs from cellulose in several ways. Firstly, hemicellulose constitute a
heterogeneous group of branched polymers with backbones consisting of D-pyranosyl residues
liked by f-1,4-glycosidic bonds, where C1 and C4 exhibit equatorial configuration (Figure 2-4)
(Wertz and Bédué, 2013).

HOH,C

oI

HOHQC®
wwmw

OH OH OH

Figure 2-4: General structure of hemicellulose.

In other words, the backbone and branches can contain a variety of both pentose and hexose
monomeric units (Figure 2-5), of which XYL is the most abundant molecule (Young, 1985).
Hence, many different types of hemicellulose occur naturally. Hemicellulose can therefore be
divided into four major groups with further subdivisions, depending on the molecular
composition of the backbone and associated branches:

1. The first group, Xyloglucans (XyGs), have a glucose backbone with XYL branches.
This is the dominant hemicellulose in primary cell walls of vascular plants.

2. Xylan, an aldopentose polymer, is the dominant hemicellulose present in the secondary
cell wall in angiosperms (hardwood). The backbone is made up of XYL with both
glucuronic acid and/or arabinose branches, giving rise to glucuronoxylan (GX),
arabinoxylan (AX), and glucuronoarabinoxylan (GAX).

3. Mannans, the third group of hemicelluloses, can be subdivided into glucomannans

(GM), galactomannans (GAM), and galactoglucomannans (GGM). GGM is the



predominant hemicellulose present in the secondary cell walls of gymnosperms
(softwood) (Atalla et al., 1993).
4. The last group of hemicelluloses are called mixed-linked glucans (5-1,3;1,4-glucans),

and are most prominent in plants belonging to the grass family (Poaceae) (Wertz and

Bédug¢, 2013).
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Figure 2-5: Common monomeric sugars of hemicellulose. Adapted from (Wertz and Bédué, 2013).

Hemicellulose normally has a degree of polymerization (DP) ranging between 100-200
monomeric units (U), about 1/100 of the DP of cellulose (Pallardy and Kozlowski, 2008, Luo
etal., 2019). Hemicelluloses are also referred to as cross-linking glycans, as they form hydrogen
bonds and Van der Waal's interactions to cellulose microfibrils and other hemicellulose
molecules. Consequently, it provides some of the structural rigidity and tensile strength of the
primary and secondary cell walls in plants. In fact, the rigidity of the cell wall is proportional
to the amount of hemicellulose present. The holocellulosic fraction of LCB normally contain
between 35-50% hemicellulose. Hemicellulose is still an under-valorized resource making it a
major field of investigation in both academia and industry. However, the structural complexity

makes selective conversion of hemicellulose into specific platform molecules challenging.
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2.3.2.3 LIGNIN

Lignin, a complex amorphous phenolic heteropolymer (600 — 15000 kDa), is the second most
abundant organic compound found in nature and is the only naturally occurring polymer with
an aromatic backbone. Consequently, lignin can be used as a feedstock to produce a wide
spectrum of aromatic specialty chemicals, including vanillin, phenols, adhesives, and aromatic
fuel components. Paracoumaryl  (4-hydroxycinnamyl), coniferyl (4-hydroxy-3-
methoxycinnamyl), and sinapyl (4-hydroxy-3,5-dimethoxycinnamyl) alcohol are the three most
abundant monolignols (Figure 2-6). When incorporated into polymeric structures, they are
referred to as p-hydroxyphenyl (H-lignin), guaiacyl (G-lignin) and syringyl (S-lignin) units,
respectively, and are interlinked through different ether (C-O-C) and carbon (C-C) bonds
(Wertz and Bédué, 2013, Lehre et al., 2018).

HO

\O:©\/\/OH

Sinapyl alcohol p-Coumaryl alcohol Coniferyl alcohol
S-Lignin H-Lignin G-Lignin

Figure 2-6. Structure of the most common monolignols.

The evolution of lignin played a crucial role in the terrestrial colonization by vascular plants,
as it provided the necessary structural rigidity to grow large aerial structures. It is hydrophobic
and highly resistant to both mechanical stress and enzymatic breakdown (Koupaie et al., 2019).
In LCB, lignin forms covalent ether bridges to cellulose and covalent feruloyl ester-ether
bridges to hemicellulose (Jin et al., 2006, Luo et al., 2019). In terrestrial plants, these cross-
linking interactions contribute to the high structural rigidity of the three-dimensional structure
of the secondary cell walls. Consequently, lignin is also the major obstacle impeding a rapid
expansion of thermochemical conversion of LCB into fuels and value-added products, as it
makes separation of the principal structural components complex and energy intensive (Zheng
et al., 2014). Therefore, identification of potential solutions regarding the efficient utilization

of lignin for higher-value applications has been a hot topic for several years.
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For example, studies conducted by Barth and her research group deal with thermochemical
conversion of different types of lignin extracted from LCB through different pretreatment
methods, e.g., enzymatic hydrolysis, acid hydrolysis, organosolv, steam explosion, etc. The
research group has achieved very promising results with respect to future implementation into
full-scale biorefinery concepts. In their work, lignin-to-liquid solvolysis (LtL) and
hydrothermal liquefaction (HTL) is being used to convert LCB and high purity lignin into bio-
crudes (Kleinert and Barth, 2008, Lehre et al., 2018, Hita et al., 2021, Halleraker and Barth,
2020, Lehre et al., 2017)

2.3.3 THIRD AND FOURTH GENERATION FEEDSTOCKS

Third-generation biomass includes photosynthetic microbes like micro-and macroalgae. Algae
are both morphologically and chemically distinct and offer many advantages when compared
to first- and second-generation biomass. Consequently, algae serve as a promising feedstock
for producing a wide variety of products, including secondary energy carriers and value-added
products used in the pharmaceutical and cosmetic industries (Das, 2015, Anto et al., 2020).
Fourth-generation feedstocks include genetically modified algal strains aiming to maximizing
production by improving cellular composition and accelerating cellular growth rate (Arpia et
al., 2021). Third- and fourth-generation feedstocks will not be discussed in any further detail in
this thesis.

2.4 THE BIOREFINERY CONCEPT

Renewable energy sources like wind, hydropower, photovoltaics, geothermal etc. can, to a large
extent, provide a substantial fraction of the primary energy required to accommodate
anthropogenic activities in the ongoing sustainable transformation. However, considering the
fact that the majority of chemicals produced today are derived from petrochemical industries
means that a gradual suspension of fossil carbon and energy consumption will result in a global
chemical deficiency in the long run. This is where the concept of biorefineries emerges as a
promising solution as we move toward a global circular economy. The biorefinery concept has
been developed by analogy to a conventional crude oil refinery (Figure 2-7), as it aims for
complete utilization of various sources of biomass, including food crops, LCB, animal-,

forestry-, and food-waste, sewage sludge, algae, as well as various sugar-containing industrial
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waste streams. In the Task 42 report published by the IEA in 2012, the term “Biorefining” was
defined as “the sustainable processing of biomass into a spectrum of bio-based products (food,
feed, chemicals, materials) and bioenergy (biofuels, power and/or heat)” (de Jong et al., 2012).
Borregaard AS, a Norwegian lignocellulosic biorefinery, is considered the oldest biorefinery in
the world with a history dating back to the 1600s century. Today, Borregaard produces and
sells biopolymers and biovanillin from lignin, specialty cellulose for the production of cellulose

ethers, fine chemicals for the pharmaceutical industries and second-generation bioethanol

(Borregaard, 2021).

CRUDE OIL REFINERY BIOREFINERY
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Figure 2-7: Conventional crude oil refinery vs biorefinery. Adapted from (Hiilsey, 2018).

Utilizing biobased waste streams as raw materials in biorefineries has additional benefits apart
from producing much-needed products and chemicals. It will for example help alleviate many
of the negative environmental impacts that are associated with environmental waste deposition.
In addition, valorization of locally produced biowastes will also contribute towards circular
value creation, which is in line with the Norwegian Government's aspiration of becoming a
world-leading bioeconomy (The Norwegian Government, 2016). Consequently, the
identification of universal platform molecules capable of maximizing economic outputs while
simultaneously minimizing environmental impacts is highly desirable (Cherubini, 2010, Kumar

and Verma, 2021).
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2.4.1 UTILIZATION OF FRUIT AND BERRY RESIDUES AS A BIOREFINERY FEEDSTOCK

Sugar-containing industrial waste streams generated by the agricultural sector are currently
under-valorized resources. Industrial processing of fruit and berry (F&B) generates significant
amounts of waste and by-products (20 — 60 wt%) that have traditionally been used as fertilizers,
converted into low-value animal feed, or deposited in municipal landfills (Fava et al., 2015). In
addition to the high volumes of residues generated from the processing of F&B, a substantial
fraction of the annual F&B production never reaches the market due to minor visual
imperfections that do not meet the demand of modern consumers. In Norway, most F&B
residues originate from processing of drupe (stone fruits) for juice and cider production. In fact,
many of the largest manufacturers and storage facilities in Norway, e.g., Lerum AS, Synneve
Finden AS, Hardanger Fjordfrukt BA, and Ullensvang Fruktlager SA, have expressed a desire
for better utilization of F&B rejects and residuals (personal communication, Dr. Camilla Lehre,

Postdoctoral Fellow at the University of Bergen) (Lohre, 2021).

The by-product remaining after processing of F&B is called pomace, which is primarily
composed of dietary fibers, cellulose, hemicellulose, lignin, and free sugars (Szymanska-
Chargot et al., 2017). The low digestibility (due to a high lignin/cellulose ratio) and high free
sugar content makes pomace undesirable as ruminant feed, as the free sugars can undergo
fermentation in the rumen, causing alcoholemia without the addition of silage additives (Villas-
Boas et al., 2003). However, the high free sugar and carbohydrate content of pomace derived
from F&B processing means that it could serve as a promising feedstock for biorefineries to
produce furanic platform chemicals. The Norwegian Institute of Bioeconomy Research
(NIBIO) estimated in a report from 2016 that bioeconomic outputs from industrial waste
streams generated by the Norwegian agricultural- and food sectors could reach 5 — 6 billion
NOK within 2050 if exploited to its full potential (Bardalen, 2016). Successful implementation
of F&B residues for large-scale production of furanic derivatives could in other words be an
important step towards the goal of Norway becoming a biobased circular economy, as it would
drastically improve resource efficiency and reduce waste generation while simultaneously
providing jobs to local communities (The Norwegian Government, 2016). Scheme 2-8

illustrates a hypothetical biorefinery concept utilizing F&B residues as feedstock.

14



Thermochemical

conversion o
CEN) e
OH
CO, Chemicals
il o 5-HVF Fils
= —>
Solvents
{ \; a — TMW@iCOI Polymers
N 4 | Hemicellulose st C\o\/ = A
‘ (pentoses, hexoses) A0
Furfural
Lignocelllosic
biomass

Lignin Hydrothermal Liquefaction (HTL)
(phenolic
polymer)

Bio-crude

Scheme 2-8: Biorefinery concept using F&B residues as feedstock.

2.5 FURANS

In recent years, production of value-added, furan-based monomeric and polymeric compounds
have received considerable attention for different industrial applications due to their potential
for providing a wide range of biobased chemicals, fuels and materials. Structurally, furans are
heterocyclic organic compounds. All furanic compounds contain a five-membered ring with a
pronounced dienic character. The principal furanic ring contains one oxygen atom and four
carbon atoms, to which a variety of functional groups may attach (Iroegbu et al., 2020). Furanic
compounds derived from sustainable and renewable sources can play a key role as we move
towards becoming a sustainable, biobased global economy (Danon et al., 2014, Liu et al., 2020)
as they can potentially replace conventional, petroleum-derived platform molecules. Because
of this, FUR and HMF are both included in Bozell's "Top 10 Chemicals from Biomass" list,
which is an updated version of the original list released by the U. S. Department of Energy
(DOE) in 2004 ("Top value-added chemicals from biomass") (Werpy et al., 2004). However,
the main hurdle slowing the widespread use of FUR, HMF, and other furanic platform
molecules is the lack of efficient and competitive synthetic routes from different bio-based
feedstocks. The high oxygen content and various functional groups of these compounds also

make transformational routes complex and nonselective (Huber et al., 2006). This thesis will
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primarily focus on production of FUR, however, production of HMF from F&B will be

discussed in chapter 5.5.

2.6 FURFURAL

Furfural (FUR) or furan-2-carbaldehyde is a furanic aldehyde that can be derived from the
dehydration of pentoses (primarily XYL), predominantly found in the hemicellulosic fraction
of LCB, or in xylooligosaccharides (XOS) found in fruits, vegetables, bamboo shoots and
honey (Mitmesser and Combs, 2017). At ambient conditions, FUR appears as a clear, viscous
fluid, with a light brown tint. Table E-1 in Appendix E summarizes physical and chemical
properties of FUR. The established production of FUR is achieved through acid-catalyzed
depolymerization (hydrolysis) of pentosans to XYL followed by triple dehydration into FUR
(Scheme 2-9). The triple dehydration reaction resulting in FUR formation from XYL includes
a 1,4-elimination reaction followed by two consecutive 1,2-eliminations (f-eliminations).
Initiation of the 1,4-elimination occurs when water abstracts a proton from a hydroxyl group.
This results in an electron transfer chain that leads to ring reduction and elimination of a
hydronium ion (H30"%). The second protonation produces a carbocation intermediate that is
stabilized by a fB-elimination, generating a C=C bond. A second [-elimination takes place
during the third protonation step, which ultimately leads to the formation of FUR (Xu et al.,
2020b).
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Scheme 2-9: General reaction mechanism showing the triple dehydration of XYL to FUR. Mechanism by Beate Halsvik, PhD.

candidate at UiB.
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Hemicelluloses are, as previously described, primarily made up of pentoses linked by B-1,4-
glycosidic bonds. The hydrolysis of these ether linkages connecting the monomeric units has
traditionally been carried out using dilute acid pretreatments or by using steam in the presence
of concentrated sulfuric acid (H2SO4), e.g., the QUAKER OATS process developed in 1921
(Liu et al., 2014a). The reaction mechanism involves four steps (Scheme 2-10) (Agirrezabal-
Telleria et al., 2014, Xu et al., 2020a):
1. Protonation of the oxygen bridging the etheric bond leading to the formation of a
trivalent bond.
2. Scission of the etheric bond results in the formation of a carbocation (carbonium ion)
on one side and a hydroxyl group on the other side.
3. The carbocation will subsequently react with water.

4. Finally, a hydroxyl group will form as a result of deprotonation (liberation of H).

HO.
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Scheme 2-10: Acid-catalyzed hydrolysis of glycosidic bonds in hemicellulose. Thanks to Beate Halsvik, PhD. candidate at the

University of Bergen for the assistance with this reaction mechanism.

2.6.1 MECHANISTIC PATHWAYS TO FURFURAL

In 2014, Rasmussen et al. described that both acyclic and cyclic mechanisms resulting in the
formation of FUR are supported by experimental findings, indicating that thermochemical
degradation of XYL to FUR is a complex process (Rasmussen et al., 2014). Molecular
simulations have suggested that the rate-limiting step during XYL dehydration is the initial
protonation step, which also determines the subsequent transformational pathway. However,
according to ab initio molecular dynamics simulations and quantum mechanics models used to

predict the plausible degradation pathways for XYL, protonation of the pyranose oxygen (A,
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Scheme 2-11) does not generate FUR. The models predict that protonation of the pyranose
oxygen (O5) inducing ring scission only produces an equilibrium between pyranose and aldose
without further reaction to FUR. In addition, the cyclic degradation mechanism resulting from
the protonation of 1-OH (B, Scheme 2-11) does not result in any observable reaction according
to the models. In other words, simulations contradict experimental findings, as they predict that
FUR is derived solely from the cyclic 2-OH protonation pathway (C, Scheme 2-11). Rasmussen
further described that the intermolecular interactions formed between water and substrate are
crucial for the initial protonation step as water molecules compete for protons and thus form
hydrogen bonds to the hydroxyl groups. Additionally, reaction parameters like type of organic
solvent, pH, temperature, the addition of modifiers like inorganic salts, etc. can also drastically
alter the properties of the aqueous phase, affecting the initial site of protonation and thus the

subsequent degradation pathway (Rasmussen et al., 2014).
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Scheme 2-11: Suggested acyclic (A) and cyclic (B and C) synthetic routes for the synthesis of FUR from XYL. As shown, the
XYL pyranose ring can either undergo protonation at the O-pyranose (A), 1-OH (B) or 2-OH (C). The reaction mechanism is

redrawn from (Rasmussen et al., 2014).
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2.6.2 DEGRADATION, SIDE-REACTIONS AND BY-PRODUCT FORMATION

Thermochemical conversion of carbohydrates is often accompanied by co-generation of
undesired by-products, resulting in yield loss. Side-reactions that can take place can be divided
into two main categories, namely FUR degradation and FUR condensation. FUR degradation
includes self-polymerization (resinification), ring opening, and decomposition reactions, while
FUR condensation includes polymerization reactions between FUR and intermediates
(Lamminpaa et al., 2014). Scheme 2-12 contains potential degradation pathways of both XYL
and FUR.
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Scheme 2-12: Degradation pathways of FUR and XYL. Redrawn and adapted from (Vilonen et al., 2011).

During resinification, FUR will undergo self-polymerization generating various oligomeric by-
products. Studies indicate that resinification is more likely to occur at moderate to severe
reaction conditions when solid particles are present in the aqueous reaction medium. However,
Zeitsch found that resinification most likely plays a lesser role when reaction temperatures
exceed 200°C. At temperatures above 200°C, ring-opening and fragmentation reactions are
thought to be the predominant degradation mechanisms. This claim was attributed to the

“entropy effect”, which promotes molecular fragmentation instead of polymerization (Zeitsch,
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2001). Fragmentation reactions, where sugars, intermediates, and FUR are cleaved to form
compounds with molecular masses lower than FUR, e.g., carboxylic acids like formic (FA) and
levulinic acid (LA), are also thought to occur in highly acidic environments (pH<0.9). In fact,
studies indicate that hydrolytic ring opening primarily occurs if the acid concentration in the
aqueous phase is too high, resulting in the formation of an aliphatic, open-chain by-product that
can undergo subsequent polymerization by reacting with other FUR molecules. The Diels-
Alder reaction in Scheme 2-13 has been proposed to be a plausible mechanism explaining the

formation of oligomeric by-products (Lamminpaa et al., 2014).
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Scheme 2-13: Diels-Alder reaction mechanism resulting in formation of oligomeric by-products. Scheme proposed by

Lamminpdd et al. 2014 (Lamminpaa et al., 2014).

When considering FUR condensation, Luo et al. described that high lignin concentrations in
the hydrolysates derived from LCB are reported to cause condensation reactions between lignin,
unreacted sugars, intermediates, and FUR, drastically decreasing the product yield (Liu et al.,
2014b, Luo et al., 2019). They also reported that prolonged reaction times associated with
traditional heating methods tend to increase unwanted side reactions, thereby decreasing FUR
selectivity. Microwave-assisted hydrothermal selective dissolution has been proposed as a
potential solution to overcome the lignin-associated condensation problem as reaction times
can be drastically reduced. Microwave-assisted heating (MWAH) has also proven to facilitate
efficient dissolution of hemicellulose (>95%) while obtaining a residue consisting of mostly
intact cellulose and lignin that can undergo further valorization to various products (Luo et al.,
2019). Alternatively, Mazar et al. found that sulfonation of lignin prior to hydrolysis of LCB
could render lignin less reactive, resulting in fewer condensation reactions and increased yields

(Mazar et al., 2018).
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The formation of solid polymeric by-products caused by resinification, fragmentation, and
condensation reactions are collectively referred to as humins. Humins are dark, solid,
amorphous resins generated under acidic conditions. Studies have shown that humins grow as
spherical particles solely derived from furanic compounds and not from by-products like short-
chain fatty acids, e.g., levulinic acid (LA) and formic acid (FA). The morphology and chemical
composition of the precipitated particles will also change due to thermal decomposition, as they
can go from amorphous furanic polymers to benzene-based frameworks under certain
conditions. The elemental composition of humins have been reported to be 55 — 65% carbon, 4
— 5% hydrogen and 30 — 40% oxygen (Patil and Lund, 2011). Studies also indicate that particle

diameter of humins will increase as a function of time due to particle agglomeration.

The formation of humins can have adverse implications on the overall reaction efficiency,
conversion yield, and selectivity. The reactive nature of humins means that their formation can
have adverse implications on the overall reaction efficiency if not controlled, as they can induce
unwanted polymerization reactions between humins, FUR, and other reactive intermediates.
Humins may also cause significant catalyst deactivation. IR-spectra of humins generated under
various acidic and thermal conditions indicate that aldol condensation is a central mechanism
involved in their formation. This claim is supported by the absence of aldehyde groups in

recorded IR-spectra (Al Ghatta et al., 2021).

2.6.3 FURFURAL DERIVATIVES AND ENERGY APPLICATIONS

As stated earlier, FUR could become a key chemical platform in the continuously developing
biorefinery industry due to its profitable physical and chemical properties. The highly reactive
nature of the aromatic ring and the aldehydic function makes FUR an excellent platform for
synthesizing various fuels, plastics, pharmaceuticals, cosmetics, flavors, fragrances, and
agrochemicals (Mariscal et al., 2016). On a global scale, approximately 400 kilotons of FUR is
produced annually, and according to MarketsandMarkets, the global annual production of FUR
is projected to increase from 551 million USD in 2019 to over 700 million USD by 2024
(MarketsandMarkets, 2019). The number of potential pathways for converting FUR or
chemicals obtained from FUR into fuels and secondary energy carriers is enormous. In fact,
more than 80 chemicals have been produced either directly or indirectly from FUR. Figure
2-14 depicts some of the most important compounds that have been derived directly or

indirectly from FUR (Mariscal et al., 2016).
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Figure 2-14: Furanic compounds derived from FUR.

Today, furfuryl alcohol (FOL) constitutes around 60% of the total FUR market and is currently
the most important chemical derived from FUR. FOL can be used as a thermoset polymer
matrix for various adhesives, coatings, composites, cements, and foundry resins. FOL can also
be used as a fuel additive, or it can undergo further upgrading to produce fuel-range alkanes. In
fact, recent scientific advances have resulted in a sparked interest in utilizing FUR and its
derivatives as precursors to produce fuel-range alkanes and fuel additives (Xing et al., 2011,
Xing et al., 2010, Climent et al., 2014). However, FUR and other short-chained oxygenates like
HMEF are not suitable for direct incorporation into conventional transportation fuels due to their
high oxygen content, high reactivity, water-solubility, boiling point, and low energy densities.
One of the key challenges associated with the conversion of furanic derivatives to fuel-range
hydrocarbons is sufficient deoxygenation combined with adequate chain propagation. In a study
from 2020, Pino and colleagues successfully synthesized fuel-range hydrocarbons that could
be incorporated into naphtha (Cs — Co), gasoline (Cs — Cio), and kerosene (Cio — Ci5) fractions
from FUR by utilizing a base-catalyzed aldol-condensation reaction between FUR and
cyclopentanone (CPON) followed by hydrodeoxygenation. The aldol-condensation reaction
generated Cio — Ci4 oxygenates, which were further upgraded to linear alkanes and saturated
cyclic hydrocarbons (C7 — Cis) via hydrodeoxygenation using carbon-supported Ruthenium

(Ru) and Palladium (Pd) nanoparticles (Pino et al., 2020). Production of a mixture of C-C
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coupled oligomers derived from FOL followed by subsequent hydrogenation to produce a
mixture of hydrocarbons in the Cy — Cyo range have also been reported and patented. After
separation by fractional distillation, the higher fractions can undergo catalytic cracking or

hydrocracking to produce gasoline-range hydrocarbons (Climent et al., 2014).

Production of fuel additives either directly or indirectly from FUR has also received much
attention. For example, FUR can be converted into y-valerolactone (GVL) via hydrolysis of
FOL (Timokhin et al., 1999). GVL exhibits attractive physicochemical properties (table E-4,
Appendix E) as it can be used both as a green solvent and as a fuel additive to improve
combustion characteristics (Paniagua et al., 2020, Xu et al., 2020a). Scheme K-4 in appendix
K summarizes noteworthy synthetic transformational pathways of FUR and HMF into various

fuel additives and liquid alkanes.

2.6.4 ESTABLISHED INDUSTRIAL PROCESSES

Most of the established processes producing FUR on an industrial scale have traditionally used
mineral acids like hydrochloric acid (HCI) and sulfuric acid (H2SO4) as catalysts for the
hydrolysis and subsequent dehydration into FUR. However, mineral acids suffer from several
drawbacks, including problems with product separation, corrosion of equipment, poor
recyclability, and the need for downstream treatment of effluents (Huang and Fu, 2013).
According to Mittal ef al., the highest FUR yield obtained on an industrial scale is currently
55% (Mittal et al., 2017).

2.6.5 STATE-OF-THE-ART PRODUCTION OF FURFURAL

Numerous studies have over the past decade sought to identify efficient and economically
viable reaction systems that adhere to the principles of green chemistry for producing furanic
derivatives like FUR and HMF from biobased feedstocks (Xing et al., 2011, Yang et al., 2012b,
Mariscal et al., 2012, Wang et al., 2019, Hua et al., 2016, Liu et al., 2014a, Pholjaroen et al.,
2014, Zhang et al., 2019, Zhang et al., 2013, Abou-Yousef and Hassan, 2014, Danon et al.,
2014, Marcotullio and De Jong, 2010, Mazar et al., 2017, Mittal et al., 2017, Mittal et al., 2020,
Morais et al., 2016, Romo et al., 2018, Vilonen et al., 2011, Xing et al., 2010, Zang et al., 2020,
Garcia-Sancho et al., 2013, Pawar, 2020, Sener et al., 2014, Weingarten et al., 2010a). Even
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though several reported reaction systems have shown outstanding performance in terms of
conversion rate and selectivity towards FUR, few fulfill the required specifications for
converting lab-scale experiments to full-scale biorefinery concepts. Recurring problems that
usually inhibit viable industrialization include the use of solvents, catalysts, and modifiers with
significant EHS- and/or price-related concerns. In addition, the lack of adequate, industrial-
scale equipment necessary to reproduce the high yields obtained in the laboratory has also
impeded potential scale-up. The following section covers scientific developments related to the
production of FUR over the past decade, some of which could potentially become industrialized

in the future with the deployment of adequate biotechnological equipment.

2.6.5.1 MONOPHASIC VS BIPHASIC REACTION SYSTEMS

Both monophasic (Giirbiiz et al., 2013, Motagamwala et al., 2018) and biphasic reaction
systems (Weingarten et al., 2010b, Gomez Milldn et al., 2020, Le Guenic et al., 2015, Mittal et
al., 2017, Wang et al., 2019, Yang et al., 2017) employing either homogenous acid catalysts
(Xingetal., 2010, Yang et al., 2012a, Delbecq et al., 2016) or heterogeneous solid acid catalysts
(Garcia-Sancho et al., 2013, Agirrezabal-Telleria et al., 2014, Arias et al., 2020, Gémez Millan
et al., 2019, Giirbiiz et al., 2013, Li et al., 2017) have been rigorously tested in the production
of FUR. The main challenge concerning monophasic reaction systems employing water as the
sole reaction medium is that FUR will undergo several unwanted side-reactions in the
prolonged presence of water. To solve this problem, biphasic systems have been proposed as a

potential solution (Figure 2-15).
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Figure 2-15: General concept of a biphasic reaction system.

Research has shown that biphasic reaction systems exhibit far better dehydration performance
in terms of yield when compared to monophasic reaction systems. A kinetic study conducted
by Weingarten et al. (Weingarten et al., 2010a) demonstrated the superior performance of a
biphasic reaction system compared to a monophasic reaction system. Using MIBK/H>O as a
biphasic solvent system, the authors achieved a FUR yield of 85% from pure XYL. An identical
monophasic system operating at the same reaction conditions without the addition of MIBK
achieved a maximum yield of 30%. The fundamental reaction kinetics of the biphasic system
remains unaltered compared to the analogous monophasic system. The primary role of the
organic phase is the in-situ extraction of FUR to prevent degradation and formation of undesired
by-products (Wang et al., 2019, Weingarten et al., 2010a). Not only does the extraction of FUR
into the organic phase suppress the formation of undesirable side-products, but it also helps
shift the equilibrium of the reaction towards FUR formation (Le Chatelier's principle), thereby
improving the overall yield of formation (Luo et al., 2019, Weingarten et al., 2010a). However,
it is important to note that the type of solvent used for the in-situ extraction of FUR can
drastically complicate the downstream processing of FUR, mainly due to the carry-over of

water into the organic phase. In addition, the azeotrope formed between FUR and water
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drastically increases the energy and equipment requirements associated with downstream

purification steps.

Currently, MIBK (Table E-3, Appendix E) is one of the most researched solvents used for the
in-situ extraction of FUR and HMF as it has several advantages compared to other frequently
used solvents. For example, MIBK is considered a green solvent as it can be generated from
LCB. It is almost completely immiscible in water (0.28wt% at 25°C) and is more efficient in
extracting both FUR and HMF from the aqueous reaction phase than other frequently used
solvents like 2-methylfuran, 2-butanone, ethyl acetate (EtOAc), tetrahydrofyran (THF) and
toluene (TOL) (Matsagar et al., 2015, Romo et al., 2018). GVL has also received much attention
in the literature. GVL can as previously discussed, be produced from both FUR and HMF,
making it very appealing in terms of biomass conversion economics. In addition, GVL is
biodegradable, has low toxicity, and does not form an azeotrope with water. It also has a low
vapor pressure (boiling point of 207 — 208°C) and does not form harmful peroxides in the air
(Bollar et al., 2018, Paniagua et al., 2020, Qi et al., 2014). Work conducted by Mellmer et al.
found that using GVL as an organic phase leads to a significant increase in both reaction rate
and product selectivity compared to conversion in aqueous media only. They also found that
GVL lowers the activation energy for the dehydration of XYL into FUR from 145KJ/mol to
114KJ/mol, while simultaneously increasing the activation energy for FUR degradation from
85KJ/mol to 105KJ/mol, compared to aqueous-only reaction media, thereby stabilizing the
desired product (Mellmer et al., 2014). Table 2-1 and Table 2-2 contains a selection of reported
biphasic reaction systems that have attained promising results with regards to FUR and HMF

production over the past two decades.
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Table 2-1: Reported biphasic reaction systems for FUR production over the past decade ordered in chronological order.

Feedstock Catalyst Solvent Org:Aq Modifier T t FUR Reference
System(s) (v/v) [°C] [min] Yield
(o]
HCI (Weingarten
D-Xylose MIBK//H20 1:1 - 170 70 85.0
(0,1M) et al., 2010a)°
Pentose HCI 110- (Xing et al.,
THF/H20 2:1 NaCl 1.12/h® 90.0
hydrolysate (0,44M) 200 2011)?
Maple
(Zhang et al.,
wood chips H2S04 (0,1M) MIBK//H20 1:1 - 170 50 85.0 2013)
(5 wt%)
D-xylose NaCl/KC (Delbecq et
Formic acid CPME//H20 3:1 170 60 80.0
(0.001M) 1 al., 2016)
Glucose Amberlyst-38 (0,21mg) (Wrigstedt et
GVL/H.0 2:1 KBr 160 3 74.0
(0.15 g) + CrCl3 (10 mol%) al., 2016)°
D-Xylose Ethyl (Hua et al.,
SOsH-SBA-15 2.33:1.00 - 200 180 75.0
0.75 g) butyrate/H.0 2016).
Corn stover
H2SO4 MIBK/H.0 80.0 (Mittal et al.,
hydrolysate 2:1 - 170 20
(0,05M) TOL/H20 77.0 2017)
(8 wt%)
Raw corn
SC-CaC-700 (Lietal.,
stover GVL nre - 200 100 93.0
(45 mg) 2017)
(150 mg)
GVL/H.0 87.8
(AL2(SO4)3)
Xylan MIBK/H20 68.5 (Yang et al.,
(20 mol%) 4:1 - 130 30
(2mmol) THF/H20 51.2 2017)°
2-MTHF/H20 325
(Peleteiro et
Corncobs HCI MIBK//H20 10:1 - 170 20 72.5
al., 2018)°
(Romo et al.,
Bagasse H-USY MIBK//H20 1:1 - 170 6h 55.0
2018)
NH.SOsH
D-Xylose (Zhang et al.,
(10 mol%) GVL//H.0 9:1 - 190 15 70.2
(2 wt%) 2019)°
D-Xylose MMCSA MIBK//H20 79.0 (Qietal.,
4:1 - 190 10
(1,0 mmol) 0,1g) GVL//H.0 80.5 2020)°
(AI(NO:3)3 (Lietal.,
Corn stalk MIBK//H20 ns? - 160 60 52.0
(0,1M) 2020)

“Employed continuous two-zone biphasic reactor, *optimal liquid hourly space velocity (LHSV), *microwave-assisted heating, not specified, °not relevant
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Table 2-2: Reported biphasic reaction systems for the simultaneous production of FUR/HMF ordered in chronological order.

Feedstock Catalyst Solvent Org/Aq  Modifier Temp time Yield Reference
System FUR/HMF
(viv) [°Cl [min] (%]
D-Xylose
Glucose HCl MIBK:2-butanol/ (Chheda et
1:1 - 170 - ns?
Fructose H2SO4 Water:DMSO al., 2007)
(10-30 wt%)
(Abou-
Aqueous phase Formic acid (0,5M) MIBK/HO 31 190 60 13.5/39.2 Yousef and
bio-oil sugars Formic acid (1,5M) MIBK/H.0:DMSO ’ 170 45 22.6/29.6 Hassan,
2014)
LCB NaHSOs (Shi et al.,
THF/Water 10:1 - 190 90 50.0-60.0
(11.1 wt%) (3.3 wt%) 2015)
Eucalyptus
Pinewood Levulinic acid MTHF (Seemala et
1:1 - 180 15 ns?
Sawdust 0.1g) Toluene/Water al., 2016)
0.4 g)
Straw Sulfanilic acid MIBK/Water 2:1 - 150 60 41.0/50.0 (Mirzaei
and Karimi,
2016)
Wheat straw CrPO4 (Xu et al.,
THF//H20 3:1 NaCl 180 90 67.0/32.0
(1g) (0.15¢) 2018)
Corn stover
HCI (33 mM)
Switchgrass 88.0-91.0/ (Mittal et
+ Dioxane//H20 4:1 - 200 5
Loblolly pine 60.0-69.0 al., 2020)
AICI3 (8mM)
Pure Cellulose
Bamboo leaf HCl MIBK/Water 19:1 - 177 60 34.0/37.0 (Sweygers
(0.05g) (0.13M) etal.,
2020)°

“Not specified, "Microwave assisted heating.

2.6.5.2 UNIFUNCTIONAL VS BIFUNCTIONAL CATALYSIS

Delbecq et al. (Delbecq et al., 2018) identified in a recent review different catalytic processes
applicable for the conversion of bio-based feedstocks into furanic platforms. They found that
when utilizing conventional homogeneous Brensted acids as catalysts, several challenges exist.
A major challenge is getting over the high activation barrier associated with dehydration of
XYL into FUR. A promising solution to this problem is to combine a Bronsted acid (BA)
catalysts with a Lewis acid (LeA) salt or use bifunctional acid catalysts. The introduction of a
LeA catalyst will promote isomerization of aldoses like XYL and glucose into their highly
reactive keto intermediates, i.e., xylulose and fructose, respectively. In fact, thermodynamic
and kinetic studies have proposed that formation of xylulose and fructose can drastically

improve FUR and HMF yields as the process requires less energy input as well as being more
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selective towards FUR and HMF formation compared to the conventional stepwise dehydration
obtained when only using a BA (Delbecq et al., 2018). However, it is important to note that the
epimerization products mannose and lyxose, both of which are aldoses, also are plausible

isomerization products, which are far less reactive than their ketose counterparts.

Dehydration

Bronsted acid

0 OH ! o} 0
O/m/ Hw\ it Hom onereere? Q/%H e © P
—_— ’
o] . HO" - =
HO onl o) [e) Bronsted acid HO OH W

OH Lewis acid OH Bronsted acid

Hemicellulose n D-Xylose D-Xylulose Furfural

NS

D-lyxose

Scheme 2-16: Stepwise dehydration vs. isomerization dehydration for the conversion of hemicellulose into FUR.

To exemplify, Yang and co-workers used aluminum sulfate (Al2(SO4)3), a highly efficient, low-
cost, low-toxicity, bifunctional catalyst in a GVL/H2O biphasic solvent system for the
production of FUR. The study utilized microwave-assisted heating at 130°C, attaining a FUR
yield of 87.8%. By combining LeA and BA species, the reaction pathway is shifted from a
stepwise dehydration to isomerization-dehydration, increasing both yield and selectivity of
FUR (Scheme 2-16). The bifunctional catalyst was thought to be a major factor for the high
degree of conversion (Yang et al., 2017). In a similar study, Zhang et al. attained FUR yields
over 70% from six different types of biomass using sulfamic acid (NH2SOsH) as a bifunctional
catalyst in a GVL/H>O solvent system (Zhang et al., 2019). Sulfamic acid is a readily available,
inexpensive, non-hygroscopic, non-volatile, non-corrosive, crystalline organic acid with highly
desirable physical and chemical properties. It is moderately soluble in water and insoluble in
most organic solvents, enabling easy recycling. When dissolved in water, sulfamic acid is
ionized, forming strongly acidic solutions. Sulfamic acid is a promising, bifunctional organic
acid catalyst for many synthetic reactions as it acts as both a proton donor and an electron
acceptor (Veera Swamy Konkala Pramod Kumar, 2017). Studies also indicate that sulfamic
acid forms zwitterionic species (H3N*SO3) when dissolved in water, which is thought to
promote isomerization and dehydration reactions due to its electron-rich sulfonate group and
high acidity (Zhang et al., 2019). Kinetic measurements have suggested that the catalytic
efficiency of sulfamic acid increases up to ~0.2 M. For concentrations exceeding 0.2 M, the

rate constant remains independent of acidity (Williams, 2004).
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In 2020, Mittal and colleagues obtained simultaneous FUR and HMF yields of 88 — 91% and
60 — 69%, respectively, from four different types of untreated biomass. In previous work, they
had found that a single LeA catalyst like AICl; was sufficient for achieving efficient
dehydration of monomeric sugars to FUR/HMF. However, when dealing with untreated
biomass, using AICl3 as a sole LeA catalyst resulted in poor FUR and HMF yields. The authors
theorized that insufficient carbohydrate hydrolysis was the main factor contributing to the low
yields and found that the addition of a BA catalyst like HCI or H2SOy4 drastically increased the
yield due to increased hydrolysis of the glycosidic bonds (Mittal et al., 2020). However, Guo
et al. also found that chloride concentrations exceeding 1 M may cause a substitution reaction
in which the hydroxyl group attached to HMF is replaced by chloride, thus forming 5-
chloromethylfurfural (CMF) (Guo et al., 2020).

Heterogeneous catalysis has also received considerable attention over the past decade due to its
massive potential of advancement beyond the current “state-of-the-art” catalytic conversion.
Solid catalysts can be synthesized with a high degree of tunability regarding chemical and
physical properties, including broad surface acidity and high product selectivity, by adjusting
the porosity and hydrothermal stability. Additionally, their ease of separation and recovery by
simple filtration also eliminates many EHS-related concerns associated with conventional
homogeneous catalysis (Agirrezabal-Telleria et al., 2014). Hence, heterogeneous catalysis is an
essential concept in green chemistry as it can reduce the environmental footprint of reaction
systems used for the conversion of LCB to furanic derivatives. Although heterogeneous
catalysis has several advantages compared to homogeneous catalysis, two main limitations have
limited their broad industrial utilization. These drawbacks include their associated cost of
preparation and deactivation tendency due to catalytic poisoning and sintering. (Lancaster and

Chemistry, 2016). Heterogeneous catalysts will not be discussed in further detail in this thesis.
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3. OBJECTIVES

The primary objective of this thesis is to find a biphasic reaction system that can be used for
the efficient conversion of simple sugars and F&B rejects to furanic derivatives like FUR and

HMEF. In order to achieve this, the thesis has been divided into four main tasks:

1. In the first task, identification of reliable quantification procedures of both organic and
aqueous reaction phases will be done by comparing the accuracy and precision of GC-
MS, HPLC, and qNMR as analytical tools. This will be done by preparing a procedural
blank containing a known amount of FUR. For GC-MS and HPLC, calibration curves
will be used for the quantification. For gNMR, comprehensive structural elucidations
of both substrate (XYL) and the desired products from F&B rejects (FUR and HMF)
using '"H-NMR, "*C-NMR, COSY, HSQC, HMBC, H2BC will be performed to enable

accurate identification and quantification of all compounds in both reaction phases.

2. In the second task, a selection of different solvents and catalysts will be evaluated in
order to find a biphasic reaction system that coincide with the specifications of this
thesis, that is, efficient production of FUR and/or HMF using environmentally benign
solvents and catalysts that follow the concepts of green chemistry. To achieve this, the
physical and chemical properties of each compound, the principles of green chemistry,
and previously reported literature findings will be used as guidelines during the

selection process.

3. The third task involves performing an experimental fractional factorial design (FFD)
using the selected biphasic reaction system with XYL as a substrate. The FFD will be
used to evaluate the effect of five main factors, namely substrate loading, catalyst
loading, reaction temperature, residence time, and organic-to-aqueous ratio.
Multivariate analysis (PCA and PLS) will be used to uncover how the chosen factors
can be adjusted to approach optimal reaction conditions for the selected reaction system

in terms of FUR yield, XYL conversion, and reaction selectivity.

4. Inthe final task, F&B residues, more specifically, plum- and cherry rejects, will replace

XYL as a feedstock to produce FUR and HMF. This will be done to evaluate whether
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F&B can be used as a potential biorefinery feedstock for the large-scale production of
FUR and HMF. The experiments will be conducted by applying the best reaction
conditions identified from the experimental screening process using FFD and

multivariate analysis.

32



4. MATERIALS, METHODS AND EXPERIMENTAL

4.1 ANALYTICAL METHODS

4.1.1 CHROMATOGRAPHY

Chromatography is an analytical method used for separating chemical components in a sample
matrix. The technique is based on two fundamental physical and chemical principles, namely
diffusion and phase distribution. A chromatographic system is composed of a moving fluid (gas
or liquid), known as the mobile phase (MP) which is passed over a fixed stationary phase (SP).
When the MP containing the sample is passed over and through the SP, the structural
components will continuously move between the MP and the SP, driven by diffusion, which
causes separation of the sample components. The higher the affinity for the SP, the higher the
retention factor, &, for a particular compound. The time it takes for a compound to elute from
the column is referred to as the retention time (#z). In other words, k « tg. Although many
different types of chromatographic techniques exist, gas-chromatography (GC) and liquid
chromatography (LC) have become the leading methods in organic chemistry for separation
and identification of compounds in a sample matrix. In general, a chromatographic system
consists of four main parts: a module (pump) that is responsible for delivering the MP, an
injector used for sample injection, a column used for separation of the sample matrix, and a
detector that detects the different solutes (Figure 4-1). The information collected by the detector
is processed by a computer and the concentration profiles of the different solutes are displayed
as peaks in a chromatogram, where time and concentration are plotted on the x- and y-axis,

respectively (Miller, 2005).

Detects
eluting
solutes

Figure 4-1: Four main parts of a chromatographic system.
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4.1.1.1 GAS CHROMATOGRAPHY-MASS SPECTROMETRY (GC-MS)

Gas Chromatography-Mass Spectrometry (GC-MS) is a type of chromatography that is used
for the separation and analysis of volatile compounds. It has become the “benchmark” for
molecular identification as it compares the fragmentation pattern of sample compounds to an
extensive library containing molecular fragmentation patterns for a huge number of chemical
compounds (NIST database). Following injection and elution from the GC-column, the
compounds are injected into an ionization chamber in the MS unit, where the molecules are
ionized and fragmented. The molecular fragments are then separated based on a mass to charge
ratio (m/z). The incident charges are then amplified by an electron multiplier that transforms
the ionized fragments into electrical signals that can be detected in a mass spectrum. GC enables
analysis up to 350°C but has an upper molecular weight limit of ~600Da. However, according
to Miller, GC-MS is assumed to be best suited for qualitative analysis (Miller, 2005). Figure

4-2 illustrates a general instrumental setup for GC-MS.
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Figure 4-2: Simple flow chart showing sample acquisition and instrumental parts of a GC-MS setup.

4.1.1.2 HIGH-PERFORMANCE LIQUID CHROMATOGRAPHY (HPLC)

High-performance liquid chromatography (HPLC) has greater versatility than GC as it can be
used for higher molecular compounds that are less volatile and more polar. In addition, both
the SP and the MP can be tuned in order to optimize the separation of the sample matrix. In
HPLC, the sample is first injected into the column where separation takes place. HPLC can be
operated in two different separation modes, known as normal phase (NP) and reverse phase
(RP), depending on the properties of the sample in question. In NP-HPLC, the stationary phase
is more polar than the mobile phase. The NP-SP is typically composed of hygroscopic silica

particles on which OH-groups can form. The #z of a given analyte is positively correlated with
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the relative affinity to the SP. The MP used during NP-HPLC is typically an organic solvent
with low to medium polarity. The strength of the MP can be increased by increasing the polarity
of the solvent. In NP-HPLC, apolar molecules like hydrocarbons have limited retention. In RP-
HPLC, on the other hand, the MP is more polar than the SP. Consequently, apolar compounds
have a higher #z than polar compounds. The strength of the MP can be increased by decreasing
the polarity of the solvent. Both NP- and RP-HPLC separate the sample matrix based on
polarity. However, retention in NP chromatography is typically dependent on the properties of
the functional groups, while in RP chromatography, separation typically depends on the
properties of the molecules, which is better for separating individual components within a
molecular class (Miller, 2005). HPLC is also compatible with several different detector types,
including UV-vis detectors, refractive index detectors (RI), evaporative light scattering
detectors (ELSD), etc. A UV-vis detector, more specifically, a diode array detector (DAD) was
coupled to the HPLC instrument used in this thesis. As the analytes elute from the column, they
enter the DAD, which enable simultaneous acquisition of multiple spectral profiles within the
UV-vis spectrum as the sample matrix moves through the flow cell (Mizell, 2021). Figure 4-3
shows a simple flow chart of an HPLC-DAD setup.
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Figure 4-3: Simple flow chart of the HPLC setup.
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4.1.2 NUCLEAR MAGNETIC RESONANCE (NMR)

Nuclear magnetic resonance (NMR) is a spectrometric technique that enables structural
elucidation and accurate quantification of organic molecules based on a nucleus-dependent ratio
between the spin angular moment and the magnetic moment (gyromagnetic ratio, y) of nuclei
with odd masses and/or odd atomic numbers. Nuclei commonly used for NMR-analysis include
hydrogen-1 ('H), carbon-13 ('3*C), and phosphorus-31 (*'P). This thesis will mainly focus on
"H-NMR, however *C-NMR will also be discussed in chapter 5.1.4, as both can be used as
quantitative tools. Table 4-1 contains pros and cons associated with 'H-NMR and *C-NMR.

Table 4-1: Pros and cons associated with 'H-NMR and > C-NMR.

Pros

Cons

Short T, relaxation time.
High natural abundance of '"H
(99.98%).

Water suppression can affect quantitative accuracy
of peaks located in close proximity to the chemical

1
H-NMR High gyromagnetic ratio. shift of water (~4,8ppm).
Higher sensitivity than *C- Dynamic range problem.
NMR (Pavia, 2015).
Less sensitive than 'H-NMR due to the low natural
Does not require water abundance of 1*C (1.08%)), relative to 'H, causing
. _ the resonances associated with 1*C to be about

suppres519n, me.amng that loss 6000 times weaker than the 'H resonances.
of.51gnal intensity du? o Requires larger sample volumes than '"H-NMR.
spluover from water is Low gyromagnetic ratio compared to the proton

3C-NMR avoided. nucleus (Y13¢ < ¥1g)- This causes '3C nuclei to

13C has great potential for
accurate quantification of
complex mixtures due to its
large chemical shift range and
good peak separation.

have a lower resonance frequency than protons,
which reduces the sensitivity of the NMR detection
procedures even further (Pavia, 2015).

Much longer T; relaxation time compared to 'H,
which means that longer interscan delays are
required, resulting in prolonged sample acquisition.

4.1.2.1 NMR — SAMPLE ACQUISITION

When an external magnetic field (Bo) is applied, atoms with nuclear spin will align with the
external magnetic field and start to precess about their own axes of spin with an angular
frequency, w, called the Larmor or precessional frequency. The relative charge of a nucleus
generates an oscillating electric field identical to the Larmor frequency. When a nucleus is
exposed to a radio frequency (RF) pulse with a frequency identical to the Larmor frequency,
resonance is achieved, leading to field coupling, which causes the nucleus to absorb energy

from the incoming RF radiation. This will again result in a reorientation of the nuclear spin
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states, which the instrument can detect as resonance peaks in the NMR spectrum. Resonance
can, however, only be detected when there is a small excess of nuclei in the lower spin state
relative to the upper spin state. When the number of nuclei in the upper and lower spin state is

identical, the system becomes saturated, and no observable signal will be generated.

The resonance frequency of a given proton is dependent upon the surrounding electromagnetic
environment. When a magnetic field (Bo) is applied, the valence electrons surrounding a proton
will generate a local diamagnetic current that creates a counter magnetic field (B) that opposes
Bo. This effect is called diamagnetic anisotropy, which shields the protons from Bo.
Consequently, the degree of magnetic shielding for a given nucleus depends on the electron
density of the diamagnetic current created by the surrounding chemical environment. In other
words, the diamagnetic current determines the resonance frequency of a proton, which in turn
determines the associated chemical shift (§). This means that nuclei with low-density
diamagnetic currents will appear downfield (left) in the spectrum, while nuclei with high-
density diamagnetic currents will appear upfield (right), as a higher magnetic field strength (Bo)
is required to achieve resonance for highly shielded protons. Since the differences in resonance
frequencies between individual protons are very small, the resonance frequency is measured
relative to the resonance frequency of a reference compound (Tetramethylsilane — TMS). In
other words, the NMR instrument measures the frequency difference between a given proton
and TMS (8 = 0 ppm), which is converted to ppm values on the x-axis in an NMR spectrum
(Pavia, 2015).

Spin-spin splitting, coupling constants, dihedral torsion angles, relative peak intensities are four
additional phenomena that are necessary to understand in order to enable the efficient use of
NMR as an analytical tool, as it can be used when performing structural elucidation of complex
anomeric mixtures (see Appendix Al for the structural elucidation of XYL). The concept of
spin-spin splitting arises as protons coupled via three-bond vicinal couplings (*Jun) alter the
diamagnetic shielding of each other depending on the nuclear spin direction of its neighboring
proton. In Figure 4-4, the chemical shift (§) of Ha will be shifted downfield when the spin of
Hgis aligned with the applied magnetic field (scenario I). If, on the other hand, the nuclear spin
of Hg opposes the applied magnetic field (Bo), the chemical shift of Ha will be shifted upfield
due to a reduced diamagnetic shielding (scenario II). For a molecule containing only one proton,
the chemical shift of the peak would be positioned at the dotted line. However, since scenarios

I and II occur simultaneously in an NMR sample, the resonance peak of both Ha and Hp will
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be displayed as doublets in the NMR spectrum as both protons affect each other to the same
extent. The splitting pattern of a given signal can be explained by the n + I rule, where n

describes the number of protons coupled via a three-bond vicinal coupling (*Jun).

Scenario | Scenario Il
8 8JhH
N 7N
Ha Hg 2 Ha
RS RS
! Coupling
Constant,
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Chemical shift of Hy —t , Chemical shift of Hy

(deshielded) when Hg
has a nuclear spin
aligned with the
applied magnetic
field

(shielded) when Hg
has a nuclear spin
opposed to the
applied magnetic
field

é
Downfield Upfield

Chemical shift of H, if Hz was absent

Figure 4-4: Doublet formation in NMR caused by spin-spin splitting. The figure is redrawn and modified from (Pavia, 2015).

The distance between the peak splitting is called the coupling constant (J), which is a measure
of how strongly a proton is affected by the spin states of neighboring protons (Figure 4-4). The
coupling constant is independent of the strength of the magnetic field and is measured in hertz
(Hz). The integration value of a peak is proportional to the number of protons located in
identical chemical environments, meaning that peak integration can be used to determine the
number of hydrogens responsible for generating a certain peak, which makes NMR an effective
tool for accurate quantification of different compounds (Pavia, 2015). Relative peak intensities
can also give valuable information about the stability and relative abundance of different
structural anomers in aqueous solutions, as it enables peak separation between anomers based

on the relative integration values (Schmidt et al., 1996).

The Karplus equation describes the relationship between the 3J-coupling constants and the
dihedral torsion angels in NMR spectroscopy. The dihedral torsion angle is the angle created

by three consecutive molecular bonds and is defined by the angle formed between the two outer
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bonds, e.g., the angle created between two protons with a vicinal coupling (*Jun). The closer
the dihedral torsion angle is to 90°, the smaller the vicinal coupling constant between two
adjacent protons (*Jun). The closer the torsion angle is to 0° and 180°, the larger the coupling

constant (Pavia, 2015).

During sample acquisition, the NMR tube is placed in a spinner that is suspended in the gap
between the two magnetic poles. The sample is then spun around its own axis to ensure that the
sample experiences a uniform magnetic field. The magnetic gap also contains a coil attached to
a synthesizer (RF generator), which supplies the electromagnetic energy required to reach
resonance and consequently induce spin reorientation of the protons. The resonance signal is
detected by a detector coil situated perpendicular to the RF coil. The detector will only detect a

signal when the sample absorbs energy, i.e., during resonance.

Modern pulsed Fourier transformation (FT) NMR spectrometers use powerful superconducting
solenoid magnets cooled by liquid helium (He) and nitrogen (N). The synthesizer generates RF
waves that is phase shifted according to the pulse program. During a pulse period, the pulse
gate closes, allowing the wave to pass along the RF transmitter to an amplifier. The high-energy
RF pulse is then directed to the NMR-probe by the duplexer, which excites all the magnetic
nuclei in the sample simultaneously. When the pulse is interrupted by opening the pulse gate,
the excited nuclei return to their original spin states while emitting electromagnetic radiation
(EMR). Since a molecule contains nuclei located in several different chemical environments,
many different frequencies of EMR will be emitted during the relaxation period, thus generating
a free-induction decay (FID) signal. The FID is a superimposed signal containing all
frequencies emitted when the excited nuclei realign with By during the relaxation period. The
low-power FID is subsequently conveyed to the receiver which converts the signal to two audio
frequency signals by subtracting a reference frequency. The signals will then be digitalized by
the analog-to-digital converter (ADC) and sent to the computer. By applying a Fourier
transformation (FT), the FID can be extracted into separate sine or cosine waves by
mathematically converting the waves from the time domain to the frequency domain, thus
displaying the signal as separate peaks in the NMR spectrum (Figure 4-5). The advantage with
pulsed FT-NMR is that the signal-to-noise ratio improves as a function of the square root of the
number of scans, meaning that it is especially suitable for examining nuclei that have limited
natural occurrence like '3C, or when analyzing very dilute samples (Pavia, 2015, Underhaug,

2004).
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Figure 4-5: Schematic overview of an NMR-spectrometer. The flow chart in the bottom right of the figure is adapted from

(Levitt, 2008).

4.1.2.2 ANALYTICAL METHODS — PROS AND CONS

Table 4-2 contains pros and cons associated with GC-MS, HPLC, and gNMR.

Table 4-2: Pros and cons associated with GC-MS, HPLC and gNMR.

Analytical Pros Cons
Tool
Known to have relatively poor
Allows for high-resolution separation of the sample matrix quantitative accuracy and
Higher sensitivity than NMR precision (Miller, 2005)
Facilitates analysis of volatile compounds unsuited for Not suited for samples
HPLC containing polar compounds
GC-MS NIST library enables fast and easy identification of sample Upper molecular weight limit of
constituents 600Da
Upper temperature limit of 350°C Not applicable for aqueous
Fully automated samples
MS detector fragments sample
matrix
Generally longer analysis times
Applicable to samples containing non-volatile, thermally than GC-MS and NMR
labile compounds with high polarities Requires deeper understanding
High sensitivity of the physical and chemical
Both MP and SP can be tuned to maximize chromatographic properties of the sample
HPLC-UV resolution constituents to get good
Fully automated chromatographic resolution
Can be used for accurate and precise quantification (Miller, More work intensive than GC-
2005) MS and NMR
UV-detector cannot detect
monomeric sugars
Low sensitivity = Requires
lager sample volumes than GC-
Quick and easy sample preparation and analysis MS and. HPLC
. . Dynamic range problem
Highly versatile Accurate identification of
NMR Fully automated specifi P .
High reproducibility pecific compounds requires

comprehensive structural
elucidations, which is time
consuming

Expensive
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4.1.3 EXPERIMENTAL DESIGN

Experimental design and optimization are statistical tools applied to systematically examine
and resolve challenges that arise within research, development, and production. Several
experimental variables, termed factors/predictors, may influence the final results (responses) in
an experimental procedure. This means that meticulous experimental planning and factor
selection should be conducted to ensure that valuable information can be obtained from the

experimental design.

In a factorial design (FD), the influences of all factors and factor interactions on one or more
responses are investigated. If the combination of k variables is examined at two levels, a FD
will consist of 2% experiments. Each variable is divided into a high and a low value denoted (+)
and (—), respectively. In a FD, at least two center point experiments (CP) using median values
(0) of the high and low factor settings for each variable should also be conducted. This
minimizes the risk of missing non-linear relationships in the middle of the intervals. CP also

makes it possible to calculate confidence intervals and experimental error.

The span between the high and low level for all factors defines the experimental domain, i.e.,
the experimental area of investigation. The experimental domain should be defined according
to what is assumed to be a reasonable variation to investigate. During initial experimental
screenings, the experimental domain should span a wide enough area that a maximum of
information can be extracted by performing a minimum number of experiments. All factors
excluded from an experimental design should be kept at a constant level throughout the entire
experimental series (Lundstedt et al., 1998). When planning FD, a Hadamard matrix is normally
used for the experimental setup. A Hadamard matrix is a table where all columns are orthogonal
(Carlson and Carlson, 2005). As the number of experimental variables increases, the number of
experiments increases exponentially. Hence, in order to limit the number of experiments in a
full FD, a fractional factorial design (FFD), with 2XP experiments, can be performed as third-
order variable interactions usually are negligible, meaning that they usually can be excluded
from the polynomial model. The p denotes the size of the fraction of a 2% design (Gunst and

Mason, 2009).
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One of the key advantages of planning and conducting experimental designs is that they can
help elucidate variables and variable interactions that have significant effects on the measured
responses, both positively and negatively. When the most influential variables affecting the
desired responses have been identified, further optimization can be done by following the slope
of the acquired response surface for the explored domain. Examples of optimization methods
include the method of steepest ascent, the simplex method, and response surface modeling

(Carlson and Carlson, 2005).

4.1.3.1 PRINCIPAL COMPONENT ANALYSIS

The main goal of a principal component analysis (PCA) is to extract the most essential
information from the accumulated responses in a data set. This is done by minimizing the size
of the dataset by only keeping the most critical information, i.e., removing variables that do not
give valuable information about the system. To accomplish this, a PCA computes latent
variables known as principal component vectors (PC) plotted in a multidimensional descriptor

space (Abdi and Williams, 2010).

The fundamentals behind a principal component analysis (PCA) can be explained by using a
geometrical description of the method. The direction of the first PC is calculated by identifying
the linear combination of the original data that shows the most significant variation in their
spatial distribution, i.e., explain the largest part of the dataset. By anchoring PC1 to the average
value of the original data points in the descriptor space, it is possible to make perpendicular
projections of all the points in the space of this principal component vector. Consequently, a
projected data point will then have a coordinate, measured from the average value along PC1,
known as a score, ¢. If the dataset contains more systematic variation that is not described by
PC1, a new PC (PC2) describing the second largest variation can be drawn by removing PC1.
PC2 must be orthogonal to PC1 and must be anchored to the average value of the original data
points. Every subsequent PC should be orthogonal to the preceding PC and follow the same
constraints (Carlson and Carlson, 2005). Figure 4-6 illustrates the projection of a set of data

points from the descriptor space to the plane spanned by PC1 and PC2.
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Figure 4-6: Projection of data points in PCA.

The principal component vectors can be used to generate two-dimensional plots known as
biplots which combines the principal component scores for all objects (experiments), the
variable loadings, and measured responses. The distance from the origin (normally denoted as
an + in the plot) of a given variable is proportional to the relative weight of that variable on the
PC. In other words, the most influential variables will be located the furthest away from the
origin. In addition, the plot also displays how different objects correlate with each other,
different variables, and the measured responses. If the angle between two points is <90°, a
positive correlation exists, while angles >90° indicates a negative correlation. An angle of
exactly 90° means that no correlation is observed in the plane spanned by the two principal
components. In addition, the more similar objects/variables/responses are, the more closely

grouped they will be in the biplot.

4.1.3.2 PARTIAL LEAST SQUARES METHOD

Partial least squares (PLS) regression is a computational method in which quantitative relations
between variables can be established and used for system optimization. The method can be used
when dealing with two interdependent blocks of data, e.g., one matrix containing independent
variables (descriptors or factors) for a given reaction system (X-block), and a matrix containing
the dependent variables (responses) for the same reaction system (Y-block). PLS will create a
linear regression model describing the relationship between the two matrices, i.e., data inputs
in the X block can be used to predict the responses in the Y block. In other words, results from
PLS analysis makes it possible to approach optimal factor settings in the X block in order to

attain the best responses in the Y block. The advantage with PLS is that the results can be
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graphically presented in various plots, where it is possible to extract the correlation coefficient
(R) for the model. The closer the R is to 1, the better the model describes the system. PLS also
enables identification of weighted correlation coefficients which describes the relative
importance of each factor for a given response (Carlson and Carlson, 2005). The mathematical
representation of a linear regression model including second order interactions can be expressed

as:
Yy = b + bixy + byxy + - + bixy + bijx;x;

Where y is the dependent variable, e.g., FUR yield, by is constant, b;, b>..., b is the weighted
regression coefficients for the main factors, b; is the cross-product coefficients, and x is the

numerical value of each variable. The mathematical representation of the prediction model

acquired in this thesis is given in chapter 5.3.2.
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4.2 MATERIALS

All reagents, catalysts and solvents were purchased from Sigma-Aldrich and used without
further purification. Fruit and Berry residues (F&B), more specifically, cherries and plums,
were obtained from Hardanger Fjordfrukt BA. The F&B residues were grinded to a purée using
a mortar and pestle and used without further pretreatment. All chemicals used in this thesis are

listed in Table 4-3 below.

Table 4-3: List of reagents, solvents, and catalysts used in this thesis organized in alphabetical order.

Chemical Abbreviation Chemical Formula Purity [%]
Aluminium Sulfate ALS Al(S04)3 >97
1-Chlorohexane CH CsHi3Cl 99
0 0,
Deuterium oxide DO DO 99.9% D w/0.05 wio
TSP
Formic acid FA CH:20» >98
2,5-Furandicarboxylic acid FDCA CeH4Os 97
Furfural FUR CsH40O2 Analytical standard, >98
y-valerolactone GVL CsHsO» =99, FCC, FG
Hexadecane HD Ci6Hz4 99%
Hydrochloric acid HCI HCI =37
5-Hydroxymethylfurfural HMF CeHsO3 >99, FQG)
Levulinic acid LA CsHsOs 98
Methyl-isobutyl-ketone MIBK CeH120 =99.5
Sulfamic acid (HsNSOs, = 99%) SA HsNSOs =99
Sulfuric acid H2SO4 H2S04 95-97
D-xylose XYL CsH100s =98
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4.3 EXPERIMENTAL

4.3.1 EXPERIMENTAL DESIGN

Sirius PRS 10.0 was used to analyze the results obtained in the experimental designs conducted
in this thesis. The acquired responses were analyzed using principal component analysis (PCA)
and partial least squares regression (PLS) to identify positive and negative correlations between
the main factors, factor interactions, and the measured responses. The results from the
multivariate analysis using PCA and PLS are presented and discussed in chapter 5.3.2.1 and

5.3.2.2, respectively.

4.3.2 DEHYDRATION OF D-XYLOSE TO FURFURAL

All experiments were carried out in a Series 4700, 316 Stainless steel batch Parr reactor (22mL)
with a polyphenylene lining (Figure K-6, Appendix K). In a typical experiment (Scheme 4-7),
the empty reactor (1) was initially weighed (2) before adding the desired amount of substrate
and catalyst to the reactor cup. MilliQ water, organic solvent, and a magnetic stir-bar (3) were
then added. The reactor was subsequently closed (4) and weighed (5) before it was placed on a
magnetic stirrer (6) for approximately 5 minutes to ensure complete dissolution of XYL. The
bottom part of the reactor vessel was then submerged in an oil bath (7) with a temperature
ranging from 150 —200°C for 30 — 90 minutes while being stirred at 600 revolutions per minute
(rpm). The product mixture was immediately quenched after reaction completion by lowering
the bottom part of the reactor into an ice bath (8). The size of the ice bath was kept constant to
ensure a similar cooling rate for all experiments. After reacting room temperature, the reactor
was dried and weighed (9) to check for potential leakage during the reaction. The product
mixture was subsequently transferred into a 10mL graduated cylinder using a VWR 230mm
disposable glass pipette, followed by phase separation using the same pipette to minimize loss
of product (10). The separated organic and aqueous phases were collected in two separate, pre-
weighed 20mL Chromacol scintillation sample vials (10) to determine mass recovery (11). The
separated product phases were refrigerated (12) prior to gqNMR analysis workup. All procedural

steps are visualized in Scheme 4-7.
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4.3.3 DEHYDRATION OF F&B REJECTS TO FURFURAL AND 5-HYDROXYMETHYLFURFURAL

F&B rejects, more specifically plums and cherries, were deseeded before a mortar and pestle
were used to make a purée out of the remaining skin and pulp. The subsequent experimental
steps were identical to the procedure described in the previous chapter (Chapter 4.3.2), where

XYL was used as substrate (Scheme 4-7).

4.3.4 EXPERIMENTAL PROCEDURES - GC-MS

4.3.4.1 PREPARATION AND VALIDATION OF CALIBRATION CURVES FOR GC-MS

Two calibration curves, using two different internal standards (IS) were prepared to evaluate
the linearity of GC-MS as an analytical quantification tool for the reaction system used in this
thesis. This was done by applying linear regression to the calibration curves using the least-
squares method in Microsoft Excel and solving the equations for y. Five calibration solutions

containing known but increasing amounts of FUR (9.9ug/mL, 20ug/mL, 30.8ug/mL,
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37.5ug/mL, and 50.1ug/mL) and constant amounts of hexadecane (HD) and chlorohexane
(CH) (40ug/mL and 45ug/mL, respectively) were prepared with ethyl acetate as solvent and
analyzed using GC-MS. HD and CH served as internal standards. The following preparation
and dilution steps were performed to ensure accurate concentrations of each analyte in the five

calibration solutions (Scheme 4-8):

( 25,82 mL \

474,18 mL 1
(Y
EtOAc EtOAc
43,10pL
34,48uL

25,86l
17,24uL
8,62l J

@5 —
“f L]

Scheme 4-8: Preparation of calibration curves for GC-MS.
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In the first step, an Eppendorf autopipette was used to transfer 1000uL HD and CH to a 100mL
volumetric flask (1), which was subsequently filled to the mark with EtOAc (Solution A).
Solution A containing HD and CH was then diluted to 400pg /mL and 455ug /mL, respectively,
by transferring ~25.8mL of (A) to an empty volumetric flask (500mL) using an Eppendorf
autopipette (2). The flask was then filled to the mark with pure EtOAc (Solution B). Five
solutions with increasing [FUR] were then prepared by adding different volumes of FUR to
empty 100mL volumetric flasks (3), yielding concentrations ranging between 100 — 500pg /mL
(C1 - G1). Each flask was weighed before and after the addition of FUR to ensure high

concentration accuracy. Each flask was subsequently filled to the mark using solution (B).

The five stock solutions (C1 — G1), now containing FUR, HD, and CH, were subsequently
diluted 1/10 by transferring 1000uL of each solution to empty volumetric flasks (10mL) that
were filled to the mark with pure EtOAc (4), yielding FUR, HD, and CH concentrations ranging
between 10— 50ug/mL, 40ug/mL, and 45ug /mL, respectively (C2 — G2). The solutions were
ultimately filtered through 0.45um Whatman nylon filters (5) and analyzed using an Agilent
7890A GC instrument connected to a 5977A MSD mass spectrometer. The column used for the
analysis was a HP-5MS (30m x 0.25mm x 0.25um) GC-column. Samples were analyzed in
splitless mode, with an injection volume of 1uL and a flow rate of ImL/min. The temperature
program used is given in Table D-3 in Appendix D. Each sample was analyzed twice to enable
assessment of peak area reproducibility. The ratio between FUR and the two IS was then

computed to calculate the predicted [FUR] in each sample.

To check whether the linear regression models could be used for accurate quantification of FUR
in organic product solutions, the calibration curves were used to calculate the predicted [FUR]
in a procedural blank where a known amount of FUR was added prior to workup and analysis.
The calibration curves were also used to calculate the predicted [FUR] in an experimental series
where the catalytic performance of six acid catalysts was compared at identical reaction
conditions (Table 5-6, Figure 5-15, and Figure 5-16). The predicted [FUR] was calculated by
solving the equation (y = ax + b) for the linear regression for y, where a is the slope, b is the

intercept, and x is the measured [FUR] from the GC-MS.
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4.3.4.2 SAMPLE PREPARATION FOR GC-MS

Using a Finn-pipette, the organic phase (100uL) was transferred to a volumetric flask (10mL)
which was subsequently filled to the mark with ethyl acetate containing HD (40pg/mL) and
CH (45ug/mL) as IS. All samples were filtered through 0,45um Whatman nylon filters and

transferred directly to GC-tubes for analysis.

4.3.5 EXPERIMENTAL PROCEDURES — HPLC

4.3.5.1 PREPARATION OF CALIBRATION CURVES FOR HPLC

A six-point calibration curve, spanning a wide concentration area, was prepared to enable
accurate quantification of FUR in aqueous samples with varying [FUR]. In order to make a
calibration curve covering a sufficiently wide concentration interval, three test solutions with
different [FUR] (31ug/mL, 163ug/mL, and 6361 g/mL) were initially prepared and analyzed
to get a better understanding of the molar absorptivity (¢) of FUR, i.e., the ability of FUR to
absorb electromagnetic radiation at its reported maximum absorbance wavelength (4,4, =
278nm). This was also done to ensure that the calibration curve was prepared within the upper

and lower quantification limit (LoQ) of the DAD-detector coupled to the HPLC instrument.

When preparing the calibration solutions, a 100mL stock solution (Scheme 4-9 (A)) containing
FUR (~1000pg/mL) was initially prepared by transferring 86.2uL FUR to a 100mL volumetric
flask that was subsequently diluted to the mark using MilliQ water (1). Solution (A) was then
used to prepare the remaining five calibration solutions (B-F). All samples were diluted to
desired concentrations (25 — 880ug/mL) using MilliQ water (2). The six solutions (A-F) were
then filtered through 0.2um Pall Acrodisc nylon filters and directly transferred to HPLC
autoinjector vials for analysis (3). An Agilent 1260 infinity II HPLC equipped with a vial-
sampler, a quaternary pump, and a diode array detector (1260 infinity DAD) was used for the
analysis (4) (Scheme 4-9). A Rezex RFQ fast aid column (100 x 7.8mm) was used for sample
acquisition. A 0.005M H2SO4 solution was used as MP, and the program was set to isocratic
elution at 25°C with a flow rate of 0.7 mL/min. The sample injection volume was 10uL. All
samples were analyzed in triplicates, and the average integration value for each standard

solution was used when constructing the calibration curve in Figure 5-2.
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Scheme 4-9: Preparation of standard solution for calibration curves.

4.3.5.2 SAMPLE PREPARATION OF ORGANIC PHASES FOR HPLC

An Eppendorf autopipette was used to transfer ~1000pL of the recovered organic phase
(Scheme 4-10 (1)) to a pre-weighed 25mL volumetric flask. The flask was then filled to the
mark with super-distilled water (MilliQ) and weighed (2). The flask was subsequently shaken
(3) and refrigerated overnight (4). A disposable syringe was then used to remove the aqueous
phase from the extracted organic phase (5). The aqueous phase was subsequently filtered
through a 0.2 pm Pall Acrodisc nylon filter and ultimately transferred to an HPLC autoinjector
vial for HPLC analysis (Scheme 4-10).
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Scheme 4-10: Flow chart showing the preparation of organic phases for HPLC analysis.

4.3.6 EXPERIMENTAL PROCEDURES — NMR

4.3.6.1 PREPARATION OF 10% AND 20% D>O STOCK SOLUTIONS

A 250mL stock solution containing 20% deuterium oxide (D2O) was prepared for qNMR
analysis of aqueous samples and extracted organic phases. In the first step, 0.4448g sodium
phosphate dibasic dihydrate buffer (=99.0% Na,HPO4-2H>0) was added to a volumetric flask
(0.010M in 250mL). Distilled water (120mL) was then added, and the phosphate salt was
dissolved using a heating plate and a magnetic stirrer. DO (50mL) containing 0.05wt% TSP
(3-(Trimethylsilyl)-propionic-2,2,3,3-d4 acid) sodium salt) was then added, followed by pH
adjustment to 7.4 using 1.0 M HCl or 1.0 M NaOH. All pH adjustments were performed using
a Metrohm 798 MPT Titrino automatic titrator. Distilled water (80mL) was ultimately added
to make the final volume of the stock solution 250mL (Lehre et al., 2021). The 10% DO stock
solution used for analytical standards was prepared by repeating the same procedure, but instead

of adding 50mL D-O, 25mL was added.

4.3.6.2 SAMPLE PREPARATION FOR QNMR

To enable quantification of FUR in the organic phase, using the workup protocol developed by
Lohre et al., the organic phase had to be extracted with water prior to sample preparation
(Scheme 4-11, (1) - (4)). The extraction was performed in a volumetric flask (10mL). In a
typical extraction, a capped volumetric flask (A) was weighed before transferring the organic
phase (~500uL) to the flask using an Eppendorf autopipette (2). The flask was subsequently
filled to the mark with MilliQ water (~9500uL), followed by vigorous shaking (3) and
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subsequent refrigeration for at least one hour to allow adequate phase separation (4). The effect
of analyzing the organic phase using different extraction times can be found in Appendix J.
Both the organic phase and the water added to the flask were weighed to enable accurate
calculation of the dilution factor. The aqueous phase/extracted organic phase (5) was prepared
for gNMR analysis by transferring 1000uL sample to a sample vial (B) before adding 50uL
TraceCERT dimethyl sulfone ((CH3).SO2/DMSO>) dissolved in distilled water as the IS
([IS]initial = 2.125 M). The target concentration of DMSO; in the sample at this stage is 0.101 M
(6), as specified by (Lehre et al., 2021). A 20% D>O stock solution (1050uL) (vide supra) was
then added (7) in a 1:1 volume ratio, giving the sample a 10% volume of D>0. The sample pH
was then adjusted to 7.4 followed by subsequent filtration using a 0.2um Pall Acrodisc nylon
filter (8) The filtered sample (600uL) was then transferred to a clean 5.0 X 103.5mm Samplejet
NMR-tube (9) (Scheme 4-11). All samples were analyzed with a Bruker BioSpin 600 MHz
AVANCE NEO spectrometer equipped with a QCI CryoProbe (Lehre et al., 2021). Samples

were stored at 5°C in the autosampler.

4 )

Shake Refrigerate Separate
‘ORGANIC

1

500uL = H (1000%
water
9500pL =

Filter

20%/80%
D,0/H,0

Scheme 4-11: Stepwise preparation of organic and aqueous samples for gNMR analysis. Sample preparation of the organic

phase starts at (1), while preparation of the aqueous samples starts at (5), as no extraction is required for the aqueous phase.

53



4.3.6.3 PREPARATION OF STANDARDS FOR QNMR

10 mL solutions, containing S0mM of the desired analytical standard, were prepared using the
pre-made 10% D-O stock solution (vide supra). Four standard solutions containing FUR were
made by transferring 41uL of FUR (~0.048g) to a volumetric flask which was subsequently
filled to the mark using the 10% DO stock solution. The pH of the four samples were then
adjusted to pH = 2.00, 4.80, 7.40, and 10.73 in order to see whether pH affected the chemical
shifts of the four peaks associated with FUR in the NMR spectrum. The same procedure was
repeated for HMF and XYL by adding 0.063g and 0.075¢g of each compound, respectively, to
each volumetric flask. The pH value for the four HMF standards were adjusted to pH = 1.75,
4.87,7.40, and 10.81, while the four XYL standards were adjusted to pH =1.99, 5.18, 7.40, and
11.13. The main objective of analyzing FUR, HMF and XYL at pH values above and below
the standard pH value of 7.40 was to see whether acidic and alkaline conditions would alter the
peak position of the protons associated with each compound, i.e., whether the peaks would take
on different chemical shifts in acidic and basic conditions. Hence, having identical pH values
for both FUR, HMF, and XYL standards were not considered critical based on the purpose of
the study. All samples were filtered through 0.2um Pall Acrodisc nylon filters before
transferring 600uL of each sample to clean 5.0 X 103.5mm Samplejet NMR tubes. NMR-
spectra ('H, 13C, COSY, HSQC, HMBC, and H2BC) for FUR, HMF, and XYL standards can
be found in Appendix A1-A3. Standard spectra for GVL (Appendix A4), levulinic acid, and

formic acid (Appendix AS) were also acquired.

4.3.7 PREPARATION OF PROCEDURAL BLANKS

Procedural blanks were prepared by following steps (1) - (6) and (10) - (12) in Scheme 4-7.
Initially, distilled water (1.50g) was loaded into a pre-weighed reactor followed by the addition
of MIBK (3.00g, 3745uL). FUR (~0.05g, 43.1uL) and a magnetic stir bar was then added to
the reactor. The reactor was subsequently closed and placed on a magnetic stirrer for 5 minutes

followed phase separation and analysis using GC-MS, HPLC, and gNMR.
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4.3.8 CATALYST TESTING

Six different catalysts were tested at the same reaction conditions (XYL (0.15g), MIBK/H>O
ratio (2:1 (m/m)), catalyst (0.1M aqueous phase), 190°C, and 60 minutes) for all experiments.
A blank without the addition of catalyst was also performed to get a better understanding of the
catalytic activity of each catalyst. A constant amount of FUR (0.05g, 43.1uL) was also added
to the reactor prior to heating to get a better understanding of the stability of FUR in the reaction
system at elevated temperatures. All experiments were conducted following almost the same
workflow shown in Scheme 4-7. The only difference was that the aqueous phase was extracted
using an additional 1000uL of MIBK to ensure maximum recovery of FUR in the organic phase.

The results are presented and discussed in chapter 5.2.2.
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4.4 EQUATIONS

The following equations were used to calculate the FUR yield, degree of XYL conversion and

reaction selectivity towards FUR formation:

Calculation of FUR yield (mol%):

, MEUR, orgtMFUR, aq—™MFUR, initial ., MWxy1
Yield = g a X WX 5 100% (Eq. 1)
Myxyl, initial MwEyr

Where mrur,org and mrur,iitiat 1S the mass of FUR present in the organic and aqueous phase after
reaction completion, MruUR,initial and Myyl, initial 1S the amount of FUR and XYL present in the
reaction mixture before heating, and Mwryr and Mwyxyi is the molecular mass of FUR and XYL,

respectively.

Calculation of the degree of XYL conversion:

. Myyl, initial “Mxyl, final
Xylose conversion = —Xknitial Txwbjmal o 1009, (Eq. 2)
Myyl, initial

Where myyl, intitial 1S the mass of XYL added prior to heating and mxyi, final is the mass of XYL

remaining after heating.

Calculation of reaction selectivity towards FUR formation:

Selectivity = (M) x 100% (Eq. 3)

NXYL converted

Where nrur and is the number of moles of FUR generated and nxyr is the number of moles of

converted XYL.
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5. RESULTS AND DISCUSSION

This chapter covers the main results and findings acquired over the course of this Master’s
thesis. The conducted laboratory- and analytical work is divided into four main parts based on
the objectives given in chapter 3. The results obtained when comparing GC-MS, HPLC, and
gNMR as analytical quantification tools will be presented first. Secondly, the outcomes from
the reaction system selection process will be given, i.e., evaluation of different solvents and
catalysts. Next, the results attained during the experimental screening process of the chosen
reaction system using fractional factorial design will be presented, followed by an in-depth
discussion of the relative importance of each main factor. Finally, the results from utilizing
F&B rejects as a feedstock for FUR and HMF production will be presented and discussed in

light of potential full-scale implementation to lignocellulosic biorefinery concepts.

5.1 COMPARISON OF GC-MS, HPLC, AND QNMR AS QUANTIFICATION TOOLS

Identification of reliable procedures for accurate and precise quantification of FUR, HMF, and
XYL in organic and aqueous samples was a central part of this thesis. Since FUR was the main
product of interest, a procedural blank containing a known amount of FUR was prepared and
analyzed using GC-MS, HPLC, and qNMR to determine which of the three methods was the
better analytical tool for reliable quantification. Calibration curves for FUR were prepared and
used as quantitative tools for both GC-MS (Figure 5-1) and HPLC (Figure 5-2). For GC-MS,
relative peak areas between FUR and two different internal standards (hexadecane (HD) and 1-
chlorohexane (CH)) were used in addition to the calibration curves for the quantification. The
temperature program used for GC-MS can be found in Table D-3 in Appendix D. For NMR,
comprehensive structural elucidations of both FUR, HMF, and XYL using 'H-NMR, 3C-NMR,
COSY, HSQC, HMBC, and H2BC were performed (Appendix A) to enable accurate
identification and quantification of all three compounds using the procedure developed by
Lohre et al. (Lohre et al., 2021). Table 4-2 in the previous chapter compares pros and cons

associated with each analytical instrument tested in this thesis.

57



Calibration curve - GC-MS

— 60 y=131,53x +4,9959 y =74,354x +4,7528
*—El R?=0,9982 R?=0,9823
£ 50 - )
S e e
- R .
£ 30 L B 0.
= et e
3 T e
£ 20 I o
O e e
= RSP TL
S 10 o @
2
5 0
=
0 0,1 0,2 0,3 0,4 0,5 0,6 0,7
Ratio FUR/IS [area]
®  Calibration curve FUR/HD ratio ®  Calibration curve FUR/CH ratio
--------- Lineer (Calibration curve FUR/HD ratio) ««««----+ Linear (Calibration curve FUR/CH ratio)

Figure 5-1: Calibration curves for calculating the predicted concentration of FUR in organic samples using GC-MS.

In Figure 5-1, the ratio between peak areas for FUR and IS (x-axis) is plotted against actual
concentration of FUR (y-axis). Appendix D contains raw data for constructing the calibration

curves (Figure D-2 and Table D-2).
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Figure 5-2: Calibration curve used for calculating FUR concentration using HPLC.

In Figure 5-2, the chromatographic peak area (x-axis) is plotted against the measured FUR
concentration in the sample (y-axis). All chromatographic peak areas and chromatograms can

be found in Appendix D (Figure D-1 and Table D-1).
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Figure 5-3: Stacked NMR-spectra of the organic phases from the procedural blank. The integration value is given above
each peak for both parallels. The integration value of DMSO; was set to 6.0.
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Figure 5-4: Stacked NMR-spectra of the aqueous phases from the procedural blank.
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The average integration value of the assigned peaks in the "H-spectra in Figure 5-3 and Figure

5-4 was used for the quantification. The results are presented in Table 5-2.
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Figure 5-5: GC-MS chromatogram of parallel I from the procedural blank.
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Figure 5-6: GC-MS chromatogram of parallel 2 form the procedural blank.
The measured peak areas for FUR, CH, and HD in Figure 5-5 and Figure 5-6 are given in Table

5-1.

Table 5-1: Chromatographic peak areas for FUR, HD and CH including relative peak areas between FUR and the two internal

standards for each parallel.

Parallel Area FUR Area HD Area CH Ratio FUR/HD Ratio FUR/CH
1 9149556 91654710 30744257 0.0998 0.2976
2 10865675 95737233 33660390 0.1135 0.3228

The ratios between FUR/HD and FUR/CH in Table 5-1 were used to predict the concentration
of FUR in the procedural blank by solving the two linear equations in Figure 5-1 for y. The
results for each parallel is presented in Table 5-2, and the average predicted mass of FUR for

each calibration curve is presented in Figure 5-9.
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Figure 5-7: HPLC-report, parallel 1. The chromatogram and UV-vis spectrum are on the top and bottom, respectively.
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Figure 5-8: HPLC-report, parallel 2. The chromatogram and UV-vis spectrum are on the top and bottom, respectively.
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The chromatographic peak areas from parallel 1 (45126) and parallel 2 (44548) were used to
solve the linear equation for the calibration curve in Figure 5-2 for y, which yielded the
predicted FUR concentration in the procedural blank for both parallels using HPLC (Table 5-2).
The average predicted yields for each quantitative technique relative to the actual mass of FUR

added to the procedural blank are presented in Figure 5-9.

Table 5-2: Predicted FUR yields from the procedural blank using HPLC-UV, GC-MS and gNMR as quantification tools.

Quantitative technique MU predicted Deviation
Il (Actual vs. predicted) [%o]
Mass FUR added 0.0494 -
HPLC parallel 1 0.0530
HPLC parallel 2 0.0523
XupLc 0.0526 6.5
NMR parallel 1 0.0487
NMR parallel 2 0.0488
XNMR 0.0474 14
GC-MS cal. curve FUR/HD parallel 1 0.0356
GC-MS cal. curve FUR/HD parallel 2 0.0373
Xcalibration curve FUR/HD 0.0364 -26.3
GC-MS cal. curve FUR/CH Parallel 1 0.0525
GC-MS cal. curve FUR/CH Parallel 2 0.0537
Xcalibration curve FUR/CH 0.0531 7.5
GC-MS Area ratio FUR/HD parallel 1 0.0082
GC-MS Area ratio FUR/HD parallel 2 0.0088
XRatio FUR/HD 0.0085 -82.8
GC-MS Area ratio FUR/CH parallel 1 0.0274
GC-MS Area ratio FUR/CH parallel 2 0.0284
XRatio FUR/CH 0.0279 -43.5

*Only one sample was prepared for qgNMR and HPLC analysis, i.e., the same sample was analyzed twice, denoted parallel 1 and 2, respectively.
For gNMR, parallel 2 was analyzed ~12 hours after the first parallel to see whether the predicted FUR concentration changed as a function of

time.
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Figure 5-9: Graphical representation of the average predicted FUR yields in the procedural blank using different
quantitative techniques. The black line indicates the amount of FUR added to the procedural blank before sample

preparation (0.0494g). The percentage deviation (actual vs. predicted is given above each column).

5.1.1 INTERPRETATION OF RESULTS FROM QNMR

As shown in Figure 5-9 and Table 5-2, qNMR was found to be the most reliable quantification
tool of the three analytical modalities tested over the course of this thesis, both in terms of
accuracy, i.e., predicted vs. actual FUR mass (-1.4%), and in terms of precision, i.e., the
deviation between parallels (0.2%). These results verify that the gqNMR workup protocol
developed by Lehre et al. (Lehre et al., 2021) is a very reliable tool for accurate and precise

quantification of aqueous samples.

A potential disadvantage associated with qNMR compared to HPLC and GC-MS is that
samples often require pH adjustments prior to analysis, as pH could drastically influence the
chemical shifts of specific protons, causing undesired signal overlap, and consequently, poor
quantitative accuracy. Furthermore, the additional step of adjusting the pH to the desired level
(typically 7.4) can, in some cases, be time-consuming, making it less desirable for samples
containing reactive or unstable compounds like FUR and HMF, which will degrade over time
when dissolved in aqueous media (Mellmer et al.,, 2014). However, the results from the

structural elucidations of FUR (Figure A2-2), HMF (Figure A3-2), and XYL (Figure A1-3) in
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Appendix Al — A3 containing the stacked proton spectra of each compound at different pH,
showed that pH had little effect on the chemical shifts of the signals associated with each

compound, making pH-adjustment prior to analysis redundant.

5.1.2 INTERPRETATION OF RESULTS FROM HPLC

HPLC was the second-best quantification method tested in this thesis, with a calculated
accuracy and precision of 6.5% and 1.3%, respectively. These results validate that HPLC can
be considered a reliable quantification tool, which agrees with established literature (Miller,
2005). However, the HPLC instrument used in this thesis was equipped with a UV detector,
which cannot be used for reliable detection of unreacted XYL, as monomeric sugars have
limited UV-absorption due to the lack of chromophores that can efficiently absorb EMR
(Debebe et al., 2018). Consequently, derivatization of carbohydrates is often required prior to
analysis to ensure sufficient UV sensitivity. This meant that gNMR had to be combined with
HPLC in order to quantify both FUR and XYL in both reaction phases accurately. Another
disadvantage with HPLC is that it requires preparation of both MP, washing solutions,
calibration curves, system purging, etc., before samples can be analyzed. Analysis time is also
generally longer when compared to GC-MS and NMR, making it more work-intensive and

time-consuming.

5.1.3 INTERPRETATION OF RESULTS FROM GC-MS

When considering GC-MS, the calibration curve for FUR/CH was more than three times as
accurate when compared to the calibration curve for FUR/HD (7.5% vs. 26.3% deviation from
the original mass of FUR added). The precision associated with the calibration curve for
FUR/CH was also more than twice as good when compared to the calibration curve for
FUR/HD (2.0% vs. 4.7%). However, when comparing these results with gNMR and HPLC, it
becomes obvious that GC-MS cannot be considered a reliable quantification tool, which agrees

with established literature (Miller, 2005).
The reason why two different internal standards (IS) were used in combination with FUR when

constructing the calibration curves (Figure 5-1) was that the chromatographic peak area of FUR

was found to be non-reproducible. It was speculated that this was caused by a varying degree
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of evaporation at the injection port of the GC unit due to the low boiling point of the azeotrope
formed between FUR and water (97.9°C). In addition, HD and CH had drastically different
peak intensities even at similar concentrations (40ug/mL and 45ug/mL, respectively) as
shown in Figure 5-5 and Figure 5-6. Hence, the predicted concentration of FUR was found to
be highly dependent on which IS was used for the quantification (Figure 5-9). However, as can
be seen from Figure F-1 in Appendix F, a repeating pattern regarding relative peak intensity
between the three compounds can be seen. Consequently, relative peak areas between FUR/IS
were used when constructing the calibration curves for GC-MS in this thesis. These results
suggest that careful assessment of compounds' physical and chemical properties should be
conducted before they are used as IS to make calibration curves, as compound-specific response
factors could drastically influence the predicted yield. This claim is supported by the significant
quantitative discrepancies between HD and CH used as IS in this thesis, as CH consistently
predicted yields significantly higher compared to HD, both when using calibration curves and
relative peak areas (Figure 5-9, and Figure F1-2 in Appendix F). In addition, GC-MS could not
be used to analyze aqueous samples as water is too polar for the GC column. Liquid-liquid
extraction of XYL from the aqueous phase using an organic solvent was also not possible due
to the limited solubility of monomeric carbohydrates in most low-boiling organic solvents.
Consequently, GC-MS had to be combined with qNMR in order to quantify unreacted XYL

and any remaining FUR dissolved in the aqueous phase.

To summarize, the results discussed in this chapter have demonstrated the importance of
comparing different quantitative methods in order to establish reliable procedures for accurate
and precise quantification of both organic and aqueous samples before time-consuming
experimental designs are initiated. Hence, based on the findings presented above, qNMR using
the procedure developed by Lehre et al. (Lehre et al., 2021), was chosen as the preferred
analytical procedure for this thesis, as it enabled fast and easy sample preparation while
providing the best results in terms of quantitative accuracy and precision of both reaction

phases.

5.1.4 'TH-QNMR vs. 3C-QNMR

A comparison between 'H-NMR relative to '3C-NMR was performed by preparing two
standards containing a known concentration of XYL (~101.9mM) and DMSO; (~101.2mM).

This was done to assess the quantitative accuracy and precision of 'H-NMR relative to 3C-
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NMR. Pros and cons associated with each technique are listed in Table 4-1. Quantitative proton
and carbon spectra containing relative integrals for each peak are presented in Figure 5-10 —

Figure 5-13. The results are also tabulated in Table 5-3 and Table 5-4.

5.1.4.1 'H-QNMR
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Figure 5-10: 'H-NMR spectrum (parallel 1) used for XYL quantification. Red and blue numbers are protons associated with

the [ and a anomer, respectively.
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Figure 5-11: 'H-NMR spectrum (parallel 2) used for XYL quantification.
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To enable accurate quantification of XYL, an extensive structural elucidation had to be
performed as XYL forms two structural pyranose anomers in aqueous solutions, termed a- and
p-D-XYL. Therefore, both coupling constants and relative peak intensities had to be used to
differentiate between analogous peaks in the two anomers. As described in chapter 4.1.2.1, the
size of the coupling constants is affected by the dihedral torsion angles between protons. For
example, the 3Jun-coupling between proton 1 and 6 (Figure Al1-2, Appendix Al) will be
~3.70Hz and ~7.90Hz in the a- and [-anomer, respectively, due to the relative spatial
orientation of the hydrogen atoms (Table A1-1). All coupling constants can be found in figure
A1-8. When considering peak intensity, Schmidt and colleagues reported that the a-anomer
was less stable than the f-anomer. In fact, they found that the relative percentage between the
a- and B-anomer present in an aqueous solution after reaching anomeric equilibrium was 35%
and 65%, respectively. Applying this knowledge to the 'H-NMR spectra enables differentiation
between the two anomers as the low-intensity peaks must belong to the a-anomer and vice
versa (Schmidt et al., 1996). As can be seen in Table 5-3, the measured [XYL] for individual
peaks reflects the relative abundance of each anomer. Hence, to obtain the total [XYL] in a
sample, the predicted concentration of both a- and f-D-XYL must be added together. This also
describes why the measured [XYL] using single peaks in Table 5-3 do not represent the actual
[XYL] in the sample (101.9mM). The same logic can also be applied when differentiating
between the two anomers in the 3C-spectra. The complete structural elucidation for XYL can

be found in Appendix Al.

Table 5-3: Predicted concentrations of XYL using 'H-gNMR. The actual concentration of XYL was ~101.9 mM.

Parallel 1 Parallel 2

Compound | Proton | ppm protons integral Concentration | ppm protons integral Concentration

# [mM] [mM]

DMSO, - 3.15 6 6.00 100.4 3.15 6 6.00 101.2
B-D-xylose 1 3.23 1 0.69 69.3 3.24 1 0.67 67.8
B-D-xylose 2 3.32 1 0.57 57.2 3.32 1 0.57 577
B-D-xylose 3 3.43 1 0.66 66.3 3.43 1 0.66 66.8
a-D-xylose 1 3.53 1 0.33 33.1 3.53 1 0.33 33.4
a-D-xylose | 2,3,4, | 3.65 5 1.95 39.2 3.65 5 1.93 39.1

4,5

B-D-xylose 5 3.93 1 0.57 57.2 3.93 1 0.56 56.7
B-D-xylose 6 4.58 1 0.41 412 4.58 1 0.41 415
a-D-xylose 6 5.20 1 0.30 30.1 5.20 1 0.30 30.4

a-D-xylose | 6% | 5.20 1 0.30 102.4* 5.20 1 0.30 101.1*

*Predicted total concentration of XYL using the mathematical relation given below.
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As can be seen from Table 5-3, different protons attached to the same anomer predicted slightly
different concentrations of XYL due to different integration values. This is especially noticeable
for proton 6, which has a reduced signal intensity due to its close proximity to the suppressed
water signal (~4.8ppm). This clearly demonstrates the dynamic range problem associated with
"H-NMR, that is, reduced quantitative accuracy of weak signals positioned adjacent to strong
solvent peaks. The dynamic range phenomenon is especially problematic when working with
aqueous solutions (Davies et al., 1985). Consequently, both peak intensity, chemical shift, and
the predisposition for potential overlap for each peak were carefully evaluated to maximize the
quantitative accuracy for both anomers. The peaks located at 3.53 ppm and 3.23 ppm in Figure
5-10 and Figure 5-11 (proton 1 for both a- and f-D-XYL) was found to be the best peaks for
quantifying a-D-XYL and B-D-XYL, respectively, given no overlapping peaks from other
compounds in the spectrum. To obtain the total [ XYL] in a given sample, the predicted
concentration of both a- and £-D-XYL must be added together. When doing so, the predicted
[FUR] using the two peaks located at 3.23ppm and 3.53ppm was 102.4mM for parallel 1, and
101.2mM for parallel 2, which deviates with +0.5% and -0.7% from the true [XYL].

The results also showed that it was possible to quantify the concentration of XYL by only using
the peak for a-D-XYL located at 5.20ppm. This was found to be of particular value for spectra
that suffers from significant overlap from other compounds in the region below 4.00ppm. From
Table 5-3 it is possible to see that the predicted [XYL] using the peak located at 5.20ppm is
approximately ~3.3 times smaller than the total concentration predicted by the previously
discussed peaks. By taking this into consideration, it is possible to formulate a mathematical

relation (Eq. 4) that enables accurate quantification of XYL in aqueous samples:

__ I1(5,20 ppm)XF
nylose = —1oMsoz X Cpmso2 (Eq. 4)

Nprotons

Where C is the predicted [XYL], / is the integration value of proton 6, and # is the number of
protons in DMSOs. F' is the multiplication factor (~3.3) found by summing the integration
values for the peaks located at 3.23ppm and 3.53ppm. The acquired sum is subsequently divided
by the integration value of proton 6, located at 5.20ppm, which yields the multiplication factor,
F, given above (3.3). When applying Eq 4.0 to predict the total [XYL], the predicted

concentration for parallel 1 and 2 becomes 102.4mM and 101.1mM, respectively, which is
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+0.5% and -0.8% from the actual [XYL], further verifying the high accuracy and precision of
"H-gNMR, as previously discussed.

5.1.4.2 BC-QNMR
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Figure 5-12: 3C-NMR spectra (parallel 1) used for XYL quantification. Red and blue letters are carbons associated with the
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Figure 5-13: 3C-NMR spectra (parallel 2) used for XYL quantification.
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Table 5-4: predicted concentrations of XYL using 3C-gNMR. The actual concentration of XYL was ~101.9 mM.

Parallel 1 Parallel 2

Compound Carbon | ppm carbons integral Concentration | ppm protons integral Concentration
# [mM] [mM]
DMSO, - 41.57 2 2.00 100.4 41.57 2 2.00 101.2
a-D-xylose A 60.95 1 0.34 34.1 60.95 1 0.31 314
B-D-xylose A 65.20 1 0.58 58.2 65.20 1 0.54 54.6
B-D-xylose B 69.33 1 0.59 59.2 69.33 1 0.58 58.7
a-D-xylose B 69.51 1 0.31 31.1 69.51 1 0.30 30.4
a-D-xylose C 71.60 1 0.30 30.1 71.60 1 0.34 344
a-D-xylose D 72.96 1 0.30 30.1 72.96 1 0.30 30.4
B-D-xylose C 74.19 1 0.56 56.2 74.19 1 0.55 55.6
B-D-xylose D 75.96 1 0.56 56.2 75.96 1 0.64 64.8
a-D-xylose E 92.31 1 0.36 36.1 92.31 1 0.33 334
B-D-xylose E 96.71 1 0.60 60.2 96.71 1 0.59 59.7

From Table 5-4, it is possible to see that carbon NMR generally predicted lower concentrations
of XYL compared to proton NMR, which was speculated to be caused by the lower sensitivity
associated with *C-NMR relative to 'H-NMR. The most accurate result for 3C-NMR was
acquired when adding the predicted [XYL] from carbon E in both anomers, yielding a total
[XYL] of 96.3mM for parallel 1, and 93.1mM for parallel 2. This equates to -5.4% and -8.7%
below the actual [XYL] present in the sample. These results also make sense from a technical
perspective, as the NEO-600 spectrometer used during sample acquisition has the 'H coil
situated closest to the sample, meaning that the spectrometer will have increased sensitivity to
"H-NMR relative to the 1*C coil positioned outside of the 'H coil, making 'H-NMR a seemingly
better quantification tool compared to *C-NMR.

In summary, 'H-gNMR was the most reliable and least time-consuming quantitative technique

tested and will therefore be used as the preferred quantification method in this thesis.
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5.2 REACTION SYSTEM SELECTION

Selecting a reaction system that fulfilled the desired physical and chemical specifications of
this thesis, that is, efficient production of FUR using environmentally friendly solvents and
catalysts, required a systematic, literature-based approach applying the principles of green
chemistry as guidelines. Only variables reported to have a significant impact on FUR
production were considered to simplify the selection process. Variables that have been

meticulously tested and proven to have an impact on FUR production include:

= Type of substrate and substrate loading

= Use of one or two solvents

= Organic/aqueous ratio

= Type of catalyst and catalyst concentration
* Addition of phase modifiers

= Reaction temperature

= Residence time

The use of modifiers to promote phase separation was excluded from the selection process due

to the obvious EHS-related concerns associated with the excessive use of inorganic salts.

5.2.1 SOLVENT SELECTION

Based on literature findings (Table 2-2 and Table 2-1), a biphasic reaction system was chosen
as the preferred system for this thesis as it is reported to drastically improve reaction kinetics
and product stability compared to monophasic reaction systems (Weingarten et al., 2010b).
However, several objectives had to be met when selecting promising organic solvents for this
thesis, as physical and chemical solvent properties can influence the desired product yield
(Bollar et al., 2018, McBride et al., 2020, Lin et al., 2020). Furthermore, the increasing global
environmental awareness in combination with the introduction of new statutory regulations and
focus on green chemistry has made EHS criteria increasingly important during the selection
process. Consequently, when evaluating the solvents listed in Table 2-1 and Table 2-2 for the

production of FUR and HMF, GVL and MIBK were selected for preliminary testing as both
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are considered green solvents with promising physicochemical properties, which adhere to the

logic of this thesis.

Table 5-5 contains potential pros and cons for both solvents.

Table 5-5: Pros and cons of GVL and MIBK.

Solvent Pros Cons
Green solvent (can produced from FUR and HMF)
Bi 1 . o .
1odegr2.1d.a ble High boiling point (207 —
Low toxicity o .
. 208°C) causes trouble during
Does not form an azeotrope with water .
Sy . work-up and analysis
Does not form harmful peroxides in the air . .
GVL " High water miscibility
Can be used as fuel additive .
.. . Expensive (~1200NOK /kg)
Lowers activation energy of XYL dehydration . )
.. . Phase modifier required to
Increases activation energy for FUR degradation form biphasi i ;
Precursor for food additives, biopolymers and ofm biphasic reaction system
advanced biofuels
Considered a green solvent (can be produced from
LCB via acetone)
Low toxicity to aquatic ecosystems (Chemicals, 2012)
Biodegradable and has low potential for
bioaccumulation Highly flammable
Almost completely immiscible in water (0.28 wt% at Terrestrial contaminant
MIBK 25°C) > does not require phase modifier Can participate in smog

Better extraction properties than other frequently used formation
organic solvents for FUR/HMF production

- Low boiling point (117 — 118°C)

- Can be used in combination with FUR to produce
renewable jet fuels (Pholjaroen et al., 2014, Huber et
al., 2005)

- Less expensive than GVL (~750NOK /L)

GVL was the first solvent to be tested due to its superior physicochemical properties

Table 5-5, Table E-4, Appendix E) combined with the fact that it can be produced directly from
both FUR and HMF. However, experimental results from using GVL showed that none of the
catalysts chosen for this thesis (vide infra) achieved phase separation without saturating the
aqueous phase with inorganic salts, which has several EHS-related drawbacks associated with
downstream separation and waste handling. Thus, GVL did not fulfill the outlined system
requirements for this thesis. These findings did not correspond to the results obtained by Yang
et al., which claimed that phase separation between water and GVL was observed quickly after
the addition of Al2(SO4); (Yang et al., 2017), which was one of the tested catalysts. In addition,
preliminary experimental results showed that analysis of organic phases using GVL as the

extraction solvent was problematic due to its high boiling point (207 — 208°C) and water-
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miscibility, making sample preparation and quantification problematic and work-intensive.
Hence, water-immiscible MIBK was eventually chosen as the preferred solvent for the liquid-
liquid extraction of FUR and HMF as it met the outlined system requirements without using
phase modifiers. In addition, its excellent physicochemical properties and good EHS

characteristics (

Table 5-5, Table D-3) enabled easy and safe phase separation and subsequent analysis of both

organic and aqueous samples.

5.2.2 CATALYST SELECTION

During the catalyst selection process, six different homogenous acid catalysts were considered.
A combination of well-established and relatively unexplored catalysts for FUR production were
picked for the initial screening using the MIBK/H>O biphasic solvent system. The selection
was based on reported catalytic efficiency from the literature and the chemical properties of the
acidic species. Sulfuric acid (H2SO4) and hydrochloric acid (HCI) were used as reference
catalysts to better understand the catalytic efficiency of the less explored catalysts tested in this
screening, as both HCl and H2SO4 have been used to produce FUR on an industrial scale for
several decades. The other catalysts tested in this thesis included aluminum sulfate (Al2(SO4)3,
sulfamic acid (NH2SO3H), 2,5-furandicarboxylic acid (FDCA), and formic acid (HCOOH). All
catalysts were tested using the same reaction conditions: XYL (0.15 g), H>O (1.50 g), MIBK
(3.00 g), 0.1M catalyst relative to aqueous phase, 190°C, 60min. The reaction parameters were
selected based on optimal reaction conditions reported by other authors (Table 2-1 and Table
2-2). The obtained mass of FUR for each catalyst is presented in Table 5-6 and Figure 5-14.
Pictures of the product solutions before and after phase separation can also be found in Figure

5-15 and Figure 5-16, respectively.
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Table 5-6: Catalytic performance of six different acid catalysts analyzed by GC-MS.

# Catalyst XYL FUR  Yrur Yrur  Yrheortical Deviation Deviation
added added (HD) (CH) (Mecale VS. Mtheoretical)  (Mecale VS. Miheoretical)

[g] gl [g] [g] (® (HD) [%] (CH) [%]

1 HCI? 0.1524  0.039 0.1045 0.1260  0.1014 3.1 243

2 HaSOs  0.1519 ~0.050¢ 0.1071 0.1309  0.1122 -4.5 16.7

3  H3NSOs¢ 0.1547 ~0.050¢ 0.0820 0.0990  0.1134 -27.7 -12.7

4  FDCAY 0.1491 0.040 0.0609 0.0749  0.1013 -39.9 -26.1

5 ADL(SO4);* 0.1495 ~0.050¢ 0.0937 0.1260  0.1112 -15.7 133

6 HCOOH! 0.1515 0.047 0.0502 0.0653  0.1086 -53.8 -39.9

7 No catalyst 0.1498  0.041 0.0463 0.0677  0.1018 -54.5 -33.5

*Hydrochloric acid, ®sulfuric acid, ‘sulfamic acid, 92,5-furandicarboxylic acid, aluminum sulfate, ‘formic acid, ®Mass based on added volume

(43.1uL)

This experimental series was conducted before it was discovered that the workup protocol
developed by Lehre et al. could be used as a reliable quantification tool for both reaction phases
by extracting the FUR dissolved in the organic phase with water prior to sample preparation
(Chapter 4.2.6.2). Consequently, organic samples were analyzed using GC-MS in combination
with the calibration curves in Figure 5-1. Quantification of FUR in the aqueous samples was
done using 'H-qQNMR as described by (Lehre et al., 2021). Based on the results discussed in
chapter 5.1, the predicted mass of FUR generated in each experiment does not represent realistic
yields as GC-MS was found to be very unreliable for accurate quantification of FUR. As a
result, the calculated FUR yields were only used to compare the relative catalytic performance
of the different catalysts to determine the most promising candidate for further testing. The
theoretical yields given in Table 5-6 were calculated by summing the maximum amount of FUR
obtainable from the amount of XYL added with the total amount of FUR added prior to heating
(see chapter 4.3.8). A description of how the maximum theoretical yield of FUR can be

calculated from both XYL and hemicellulose is given in Appendix .
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Catalytic performance

m Yield % vs. theoretical (IS =HD) m Yield % vs. theoretical (IS = CH)

H2SO4  Sulfamicacid FDCA Al2(SO4)3 Formic acid No catalyst
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Figure 5-14: Calculated FUR yields for each catalyst, including a blank (autocatalyzed) where no catalyst was added.

— 4

AIZ(SO 4‘)3 HCl H3NSO3 HCOOH No Catalyst

FDCA

Figure 5-15: Product solutions from the seven experiments testing different catalysts prior to phase separation. The upper

phase is organic while the lower phase is aqueous.

Sulfuric Hydrochloric Aluminum Sulfamic FDCA Formic No catalyst
acid acid sulfate acid acid added

Figure 5-16: Organic samples after phase separation for the experiments employing different catalysts.
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When comparing the calculated yields in Table 5-6 with the color saturation of the product
solutions in Figure 5-15 and Figure 5-16, a clear positive correlation can be observed, i.e., the
darker the sample, the higher the calculated FUR yield. HCI and H2SO4, which are both highly
potent Bronsted acids, produced the highest yields of all the experiments (Table 5-6, entry 1
and 2, respectively). These results concur with literature findings that claim that BA are thought
to be the most efficient at promoting the triple dehydration step that ultimately leads to
formation of FUR (Vilonen et al., 2011). This also explains why both HC1 and H,SO4have been
widely used for large-scale production of FUR for several decades (Xing et al., 2011). However,
both catalysts were excluded from further assessment in this thesis due to their obvious EHS-
related drawbacks combined with the fact that both HCI and H>SO4 have been extensively
tested in the literature by many different research groups (Weingarten et al., 2010a, Mittal et
al., 2017, Xing et al., 2011, Guo et al., 2020).

Both Aluminum sulfate and sulfamic acid, catalysts reported to exhibit excellent bifunctional
catalytic properties (Zhang et al., 2019, Yang et al., 2017, Delbecq et al., 2018), showed
promising results when compared to HCI and H2SO4 (Table 5-6 entry 5 and 3, respectively).
Aluminum sulfate was expected to produce yields comparable to H>SO, as it forms SO anions
when dissolved in water, which coincide with the acquired results. However, for the experiment
using aluminum sulfate, significant amounts of precipitates formed during the reaction,
indicating the occurrence of unwanted side-reactions, making sulfamic acid a seemingly better
candidate. The two remaining catalysts, FDCA and formic acid (FA), showed poor catalytic
activity when compared to the other catalysts. Both FDCA and FA produced yields that were
just slightly better than the yields obtained from the autocatalyzed system where no catalyst
was added (Table 5-6, entry 4, 6, and 7, respectively).

To summarize, Sulfuric acid, hydrochloric acid, and aluminum sulfate produced the best FUR
yields of all the catalysts tested in this thesis (Figure 5-14). However, due to the many
drawbacks associated with these catalysts, sulfamic acid, a non-corrosive bifunctional organic
catalyst, was chosen as the preferred catalyst for this thesis due to its excellent physicochemical
properties and promising catalytic potential (Veera Swamy Konkala Pramod Kumar, 2017),
combined with the fact that no previous studies using sulfamic acid in combination with MIBK

were found in the literature.
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5.2.3 SUBSTRATE SELECTION

D-Xylose (XYL) was chosen as the preferred substrate for preliminary experimental testing of
the chosen reaction system (MIBK/H>O catalyzed by sulfamic acid) as it is ideal for achieving
high yields of FUR. XYL was also used as substrate during the experimental screening process
using FFD. However, model compounds like XYL are not considered viable feedstocks for the
large-scale production of furanic platform chemicals. Therefore, F&B residues, specifically
plum and cherry rejects, were also used as feedstocks in order to outline their potential for
producing FUR and HMF in large-scale biorefinery concepts. The results obtained from F&B

rejects are presented and discussed in chapter 5.5.
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5.3 EXPERIMENTAL DESIGNS

5.3.1 RESULTS FROM THE FIRST EXPERIMENTAL DESIGN

A 25! fractional factorial design (FFD) was used during the screening process of the chosen

biphasic reaction system. The five variables investigated were:

= Reaction temperature
= Residence time

* Organic/aqueous ratio
=  Substrate loading

= (atalyst loading

High and low factor levels were selected based on reported values in the literature. The primary
goal of the screening was to explore a broad experimental domain to better understand how
each factor and factor interaction affected the measured responses, i.e., FUR yield (mol%),
XYL conversion (mol%) and reaction selectivity (%). High and low factor levels for each
variable for the experimental design (FFD1) is given in Table 5-7. The results are tabulated in
Table 5-8, and graphically presented in Figure 5-17. Pictures of all product solutions prior to
phase separation are also given in Figure 5-18. Raw data, including NMR spectra for FFD1 are

presented in Appendix C.

Table 5-7: High, low, and CP values for the explored factors in FFDI.

Value T t Org/aq Substrate Catalyst
©C) (min) (VIV) © ©

- 150 30 1:4 0.125 0.0125

180 60 1:1 0.250 0.0250

+ 210 90 4:1 0.375 0.0375
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Table 5-8: Calculated FUR yield, XYL conversion, selectivity, and FUR partition for FFDI.

Exp # FUR yield [mol%] XYL conversion [mol%] FUR Selectivity FUR partition
(%] (org/aq)
2 8.5 10.3 82.4 1.5
13 13.6 19.0 71.7 64.4
14 22.7 54.9 41.4 353
11 4.5 4.1 ~100 1.6
CP1 213 48.0 44.4 6.6
7 27.6 52.4 52.6 54.3
21 0.8 ~0.0 ~0.0 1.8
16a 349 ~100.0 34,9 51.3
12 36.0 78.6 45.8 1.3
16a 33.8 ~100.0 33.8 53.2

Small amounts of formic acid were detected in all experiments, ranging between 0.00001 —
0.002g, depending on reaction conditions. For experiment 11 (Table 5-8), qNMR predicted that
the number of moles of FUR generated exceeded the number of moles of XYL that had been
converted. The selectivity of the reaction was therefore assumed to be close to 100%. However,
the extremely low FUR yield and degree of XYL conversion makes the reaction conditions

used in this experiment not relevant for further consideration.

Experimental results, FFD1

mmmm Xylose conversion [%] mmmm Furfural yield [mol%] == Furfural Selectivity
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Figure 5-17: FUR yields, XYL conversion, and reaction selectivity for all experiments from FFDI.
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Figure 5-18: Product solutions from FFDI. Reaction conditions for each experiment is listed under each picture

(T(°C),t(min),org:aq(vol/vol),substrate(g),catalyst(g)).

It was hypothesized that the factor levels for catalyst loading (Table 5-7) was too high for FFD1
due to excessive formation of precipitates in most of the product solutions (Figure 5-18).
Generation of precipitates in the product mixture is associated with undesirable by-product
formation through various condensation, fragmentation, and polymerization reactions between
FUR, unreacted XYL, and various intermediates, which can have adverse effects on the overall
FUR yield (Lamminpaa et al., 2014). To evaluate whether this was the case, FFD1 was paused
after ten experiments, and the effect of catalyst loading, more specifically, acid concentration
and the associated pH was explored by conducting three center point experiments (CP)
containing different amounts of sulfamic acid (Table 5-9). All variables except catalyst loading
were kept at a CP levels (Table 5-7). The goal of the following study was to use the acquired
responses to make a result-based decision regarding whether FFD1 should be commenced, or
if a new FFD with reduced factor levels for catalyst loading should be conducted. Figure 5-19
gives a graphical representation of the calculated results. Pictures of product solutions with

associated acid concentrations and pH values can be found in Figure 5-20.
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Table 5-9: Calculated results for the three CP experiments with different catalyst loadings®.

Exp Catalyst Concentration pH FUR yield XYL conversion  Selectivity
# loading [g] [mol/L] [mol%] [mol%] [%]
CP1 0.0066 0.027 1.59 4.6 8.7 533
Cp2 0.0249 0.103 1.14 213 48.0 44.4
CP3 0.0383 0.158 0.98 33.9 68.0 49.8

“Reaction conditions: XYL (0.250g), distilled H20 (2.50mL), MIBK (2.50mL), SA (0.025g), 175°C, 60min.

Yield, conversion and selectivity

50
X 40
30
m -
o e N

Furfural Xylose Selectivity Furfural Xylose Selectivity Furfural Xylose Selectivity
yield conversion yield conversion yield conversion

CP1 CpP2 CP3

Figure 5-19: FUR yield, XYL conversion and reaction selectivity for the three CPs with different catalyst loadings.

& R vy .

" w AN - - B L
[SAJ,,=0.027 M [SAl,,=0.103M [SAl,,=0.158 M
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Figure 5-20: Product solutions prior to phase separation for the three CP experiments with different catalyst loadings.
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When comparing the results presented in Figure 5-19 with the tabulated values for acid
concentration in Table 5-9, a clear positive correlation between FUR yield, XYL conversion,
and acidity can be observed. For CP1, which had the lowest acid concentration of the three
experiments (0.027M), the degree of XYL conversion (8.7mol%) and FUR yield (4.6mol%)
was significantly lower than the obtained yields and conversions for CP2 (21.3mol%,
48.0mol%) and CP3 (33.9mol%, 68.0mol%), which had considerably higher concentrations of
sulfamic acid in the aqueous phase (0.103M for CP2 and 0.158M for CP3).

A less distinct trend was observed for selectivity. When the acid concentration was increased
from 0.027M (CP1) to 0.103M (CP2), the selectivity dropped from 53.3% to 44.4%. However,
when the acid concentration was further increased to 0.158M, the selectivity increased to
49.8%. A visual comparison of the product solutions in Figure 5-20 clearly shows that CP2 and
CP3 generated considerable amounts of precipitates relative to CP1, which is a clear sign of
concurrent by-product formation. These findings suggest that the acid concentration in the
catalytically active aqueous phase should be within a specific range to promote effective
dehydration of XYL to FUR while minimizing by-product formation, which is in accordance
with literature findings (Xing et al., 2011). These outcomes could also suggest that FUR-
associated degradation mechanisms are highly dependent on reaction conditions, i.e., specific
mechanisms dominate at different settings. This assumption agrees with the findings done by
Rasmussen et al., i.e., that reaction parameters like pH can drastically alter the properties of the
aqueous reaction phase, which again can have a significant influence on the initial site of
protonation, which is thought to be the determining step for the subsequent degradation
pathway of XYL (Rasmussen et al., 2014). It could, for example, be speculated that 3-OH
protonation (Scheme K-1, Appendix K) becomes more prevalent when the reaction severity
increases, as it results in the formation of fragmentation products that can undergo subsequent

polymerization reactions to form various by-products.

To summarize, even though CP3 generated the best results in terms of FUR yield and XYL
conversion, significant amounts of precipitates were also observed in the product solution
(Figure 5-20). Based on these findings, a new experimental design (FFD2) with reduced factor
settings for catalyst loading was planned and conducted. The results from this experimental

series are presented in the following chapter.
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5.3.2 RESULTS FROM THE SECOND EXPERIMENTAL DESIGN

Based on experimental findings from the previous chapter, a new experimental design (FFD2)
with reduced factor settings for catalyst loading was prepared. All other variables were kept at
the same levels as for FFD1. This was done to investigate whether reduced acid concentrations
in the catalytically active aqueous phase would result in less by-product formation in the form
of precipitates while generating FUR yields comparable to FFD1. Decreasing the amount of
catalyst added to each experiment would also help reduce the amounts of spent catalyst,
improving both atom economy and the costs associated with the reaction system. Factor settings
for the new design are listed in Table 5-10. The results presented in Table 5-11 will be analyzed
using PCA (chapter 5.3.2.1) and PLS (chapter 5.3.2.2) to identify significant factors and factor
interactions with regards to FUR yield, XYL conversion, and reaction selectivity towards FUR
formation. Pictures of all product solutions can be found in Figure 5-21, and the results are
graphically presented in Figure 5-22. Raw data for FFD2, including NMR spectra, can be found
in Table B-1 in Appendix B.

Table 5-10: Second fractional factorial design (FFD2) with high, low, and CP values for each variable investigated.

T t Org/aq Sub Cat
Value .
O (min) (Viv) ® ®
- 150 30 1:4 0.125 0.0063
180 60 1:1 0.250 0.0094
+ 210 90 4:1 0.375 0.0125
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Table 5-11: Experimental results for all experiments, including replicates, from FFD2 ordered in numerical order.

Exp # FUR yield [mol%)] XYL conversion FUR selectivity [%]  FUR partition (org/aq)
[mol%]

1 0.7 -0.1 - 1.3
2a 7.7 10.8 71.2 1.5
2b 10.3 26.3 39.3 1.4

3 0.5 1.2 41.7 3.0

4 429 88.8 48.3 1.5

5 1.2 5.4 21.7 30.0
6a 37.8 81.1 46.6 222
6b 414 91.5 45.3 359

7 7.1 9.3 76.1 27.5

8 40.0 93.0 43.0 34.6

9 0.2 1.8 13.1 1.4
10 4.4 7.6 57.2 1.4
11 1.8 2.9 60.7 1.5
12a 18.0 18.3 98.0 1.5
12b 35.0 58.7 59.6 1.7
12¢ 314 63.2 49.7 1.8
13 2.5 11.1 22.9 29.5
14a 23.1 64.2 36.0 22.1
14b 19.0 46.4 40.9 29.4
15 34 12.4 27.6 40.0
16 41.7 100.0 41.7 37.5
CP1 3.1 6.2 494 7.2
CP2 7.3 11.9 61.0 6.3
CP3 5.1 8.6 59.9 6.5
CP4 8.2 18.1 45.4 7.8
CP5 10.7 28.8 37.2 7.1
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Figure 5-21: Product solutions from FFD2. Reaction conditions used for each experiment is listed under each picture

(T(°0),t(min), Org:aq(vol/vol),substrate(g), catalyst(g)).
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Experimental results, FFD2
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Figure 5-22: FUR yield, XYL conversion and reaction selectivity for all experiments including replicates from FFD2 ordered
from best (left) to worst (right) in terms of FUR yield.

5.3.2.1 PRINCIPAL COMPONENT ANALYSIS

Principal component analysis (PCA) was conducted to elucidate how each variable and variable
interaction correlated with the measured responses in FFD2, i.e., identify which factors had the
biggest influence on FUR yield (mol%), XYL conversion (mol%), and reaction selectivity (%).
The data from FFD2, i.e., raw data (Table B-1) and responses for each experiment (Table 5-11)
were used to create the plots and graphs presented in the following section. The effect of each
main factor, including experimental reproducibility, will be discussed in detail in chapters

53.23-53.2.6.
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Figure 5-23: PCA biplot for all objects, main factors, two-factor interactions, and measured responses.

The biplot in Figure 5-23 shows how the different experiments, factors, and factor interactions
correlate with the measured responses in the plane spanned by the first two principal
components. Blue, green, and red objects are experiments conducted at 150°C, 175°C, and
200°C, respectively. The main factors are marked in yellow. The factor levels (Table 5-10) used
in each experiment are given in brackets behind each object using the following code:
(Temperature, time, org:aq, substrate, catalyst). When all objects, factors, factor interactions,
and responses were included in the model, the total explained variance for the dataset was
46.4%, which is insufficient for creating an accurate prediction model using PLS.
Consequently, a new biplot containing only the best replicates in terms of FUR yield was

created to see whether this would give a better explanation of the dataset (Figure 5-24).
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Figure 5-24: Biplot displaying the relative correlations between the best replicates, the five main predictors, and the

measured response (FUR yield).

The total explained variance for PC1 and PC2 increased to 54.3% in Figure 5-24 when only
the best replicates in terms of FUR yield and the five main factors were included in the PCA.
This is still far from optimal for creating an accurate prediction model. However, this was the
highest explained variance acquired for FFD2 without sacrificing experimental diversity, i.e.,
that all experimental variations, including CPs, were used in the PCA. Hence, these objects

formed the basis when constructing the regression model using PLS in Figure 5-32.

From Figure 5-24 it is also possible to see four distinct groupings. The red and blue clusters
separated along PC1 contains experiments conducted at 200°C for 90 minutes and 150°C for
30 minutes, respectively. The two groups separated along PC2 include experiments conducted

at 150°C for 90 minutes (yellow) and experiments conducted at 200°C for 30 minutes (orange).
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When comparing the position of these clusters with the loading vectors for the five main
predictors and the measured response (FUR yield), it becomes evident that temperature and
residence time were the two most important factors for PC1 and PC2, respectively. Temperature
was also found to be the most important factor for achieving high FUR yields, whereas catalyst
loading was found to be the least influential factor in FFD2. In addition, substrate loading was

the only main factor that was found to be negatively correlated with FUR yield.

5.3.2.2 PARTIAL LEAST SQUARE REGRESSION

The goal of the PLS analysis was to formulate a mathematical expression that could be used to
estimate the formation of FUR when employing the selected biphasic reaction system. In
addition, PLS could also give valuable information on how to approach optimal reaction
conditions for the most important variables in order to maximize FUR production. The results

from the PLS analysis are presented in Figure 5-25— Figure 5-32 below.
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Figure 5-25: Weighted regression coefficients for main factors and two-factor interactions. The number behind each main

factor corresponds to the number in each cross-term.
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Figure 5-25 contains the weighted regression coefficients for all main factors and two-factor
interactions. The plot confirms the trends observed in Figure 5-24, i.e., that temperature was
the most important factor for achieving high FUR yields, followed by residence time. The figure
also shows that the factor interaction between temperature and time (1 x 2) was the only two-
factor interaction with a considerable impact on FUR yield. The importance of this factor
interaction is further verified in Figure 5-26, as the two lines are nowhere near parallel, which
means that the cross term between time and temperature has a profound effect on the formation

of FUR.
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Figure 5-26: Observed trends with regards to FUR yields at different times and temperatures.

According to Figure 5-26, increasing the temperature from 150°C to 200°C had little effect on
FUR yield for experiments conducted over 30 minutes, as can be seen from the gentle slope
between the two red points in the graph. However, for experiments with residence times of 90
minutes, increasing the reaction temperature proved to have a significant effect on FUR yield,
which can be seen from the steep slope between the two blue points. In other words, it appears
that residence time only has a major influence on FUR yield when the reaction temperature is

above a certain setting.
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Figure 5-27: Linear regression model testing the orthogonality of the experimental design, excluding CPs.
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Figure 5-28: Linear regression model testing the orthogonality of the experimental design, including CPs
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When comparing Figure 5-27 and Figure 5-28 it is possible to see that the regression model
becomes non-linear when CPs are included. This can be seen as the CPs are situated on a
horizontal line in Figure 5-28 that follows a deviating trend relative to the other experiments.
The reason why the CPs are situated on a horizontal line in Figure 5-28 is because the model
predicts the same FUR yield for all CPs. However, the measured FUR yield (Table 5-11) varied
for all CPs, causing the CPs to spread along the x-axis. More specifically, the observed trend in
Figure 5-28 indicate that the response surface for FUR yield is curved, which is further verified
in Figure 5-29 and Figure 5-30. In other words, quadratic terms are required to get a more
accurate description of the formation of FUR when using the selected biphasic reaction system.
These results validate the importance of performing CPs, as the non-linear relationship detected

in the middle of the interval would be missed without including CPs in the experimental design.
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Figure 5-29: Contour plots showing the curvature of the response surface for FUR yield within the explored domain.
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Figure 5-30: Contour plots showing the curvature of the response surface for FUR yield within the explored domain.

In Figure 5-29 and Figure 5-30, temperature and reaction time are plotted on the x- and y-axis,
respectively. Each plot in Figure 5-29 shows how different factor settings for substrate loading
(vertical axis) and org/aq ratio (horizontal axis) affects the curvature of the response surface
with respect to FUR yield. Similarly, Figure 5-30 shows how the curvature of the response
surface is affected by altering the factor settings for substrate (vertical axis) and catalyst loading
(horizonal axis). As can be seen, the best results (red region) are obtained using a high factor

setting for all factors except substrate loading.
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Figure 5-31: Weighted regression coefficients for the model, including quadratic terms.

In Figure 5-31, the weighted regression coefficients for the quadratic terms are included. The
plot shows the importance of the squared factor for temperature (1 x 1) in terms of FUR yield,
further confirming that temperature seems to be the most influential variable for achieving high

FUR yields.
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Figure 5-32: Regression model used for predicting the formation of FUR, excluding CPs.
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In Figure 5-32, red and blue objects are experiments conducted at 200°C and 150°C,
respectively. The yellow line is the fitted regression line for the model. The coefficient of
determination (R?) for the regression model is 0.826, which indicates that the model has some
unexplained variability of the response data, i.e., the model is unable to give a perfect
description of how the explored factors included in the model affects the formation of FUR.
This suggests that other factors not included in the model could play a crucial role in the
formation of FUR. The mathematical expression for the prediction model (Eq. 5), excluding

insignificant factors and factor combinations, is given below:
Y pyRpmotss) = —3-38 + 0.35T + 0.240rg/aq + 0.36T X t + 0.35T° (Eq. 5)

Where T is temperature, org/aq is the volumetric ratio between MIBK and water, T x t is the

cross-term between temperature and time, and T is the quadratic term for temperature.

5.3.2.3 INFLUENCE OF REACTION TEMPERATURE AND RESIDENCE TIME

Both reaction temperature and residence time were found to have a strong impact on the
production of FUR as previously discussed. As shown in the biplot in Figure 5-24, the reaction
temperature was by far the most influential factor for converting XYL into FUR. Experiments
conducted at 150°C (blue and yellow objects) generated considerably less FUR when compared
to experiments conducted at 175°C (CP) and 200°C (red and orange objects, respectively),
which is consistent with preceding literature findings, i.e., that temperatures of 150°C or below
results in minimal generation of FUR (Zhang et al., 2019). When computing the average FUR
yield for all experiments conducted at each temperature setting, a marked increase in FUR

production can be observed when the temperature is increased (Figure 5-33).
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Figure 5-33: Reaction temperature vs. FUR yield.

As can be seen from Figure 5-33, the average FUR yield increased from 2.2+2.3mol% to
6.91+2.9mol1% to 27.1+14.0mol% when the temperature was increased from 150 — 175°C and
175 — 200°C, respectively. These findings are consistent with established literature, i.e., that
higher temperatures are generally more effective at converting carbohydrates into FUR when
using conventional heating methods (Zhang et al., 2019). The low FUR yield associated with
the experiments conducted at 150°C can be explained by the fact that the rate-limiting step
during the dehydration of XYL is the initial protonation step, which has a relatively high energy
barrier (150.8 KJ/mol) (Wang et al., 2015, Rasmussen et al., 2014). Consequently, if the
reaction temperature is too low, insufficient protonation will take place, resulting in minimal
XYL dehydration and FUR production. However, high reaction temperatures were also
associated with increased formation of precipitates (Figure 5-21). These results are in
accordance with findings done by Zeitch et al., who found that fragmentation reactions are more
prevalent when reaction temperatures exceed 200°C as the “entropy effect” facilitates
molecular fragmentation followed by subsequent polymerization reactions, producing by-

products commonly referred to as humins (Zeitsch, 2001, Lamminpaa et al., 2014).

When considering residence time, a similar but less dominating trend as for reaction
temperature was observed. In general, the longer the reaction time, the higher the FUR yield
and degree of XYL conversion. However, as previously discussed, the two-factor interaction

between temperature and time had a significant influence on FUR yield, as shown in Figure
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5-26. The importance of this interaction becomes even more apparent in Figure 5-34. The figure
clearly shows that for experiments conducted at 150°C, the FUR production only increased
slightly when the residence time was extended from 30 to 90 minutes. However, when the
reaction temperature was increased to 200°C, extending the reaction time resulted in

significantly higher FUR yields.
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Figure 5-34: Influence of both reaction time and temperature on the production of FUR.

Reaction time also exhibited a positive correlation with regards to reaction selectivity (Figure
5-23), as it went from 41.4% to 50.6% when the reaction time was increased from 30 to 60
minutes. When the reaction time was further increased to 90 minutes, the selectivity only
decreased slightly (49.3%). These results contradict findings done by Luo et al., which found
that prolonged residence times associated with traditional heating methods tend to increase the
number of unwanted side-reactions, thereby decreasing the reaction selectivity (Luo et al.,

2017).

In summary, experiments conducted at high reaction temperatures and long residence times
clearly produced the highest FUR yields. However, residence time was found to be highly
dependent on reaction temperature, i.e., residence time only had a significant impact on the
FUR yield at elevated temperatures. However, the results also suggest that if the reaction
conditions get too severe, by-products will start to form rapidly, which demonstrates the

importance of identifying optimal settings for these factors.
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5.3.2.4 INFLUENCE OF SOLVENT RATIO

The effect of the volumetric ratio between MIBK and water was investigated as identification
of an optimum ratio between solvent and water is crucial for attaining efficient isomerization
and dehydration of XYL while ensuring sufficient FUR extraction from the aqueous reaction
medium. Finding an optimal solvent ratio would also help achieve good system economics and

improve the overall EHS-characteristics of the reaction system.

As previously mentioned, the organic-to-aqueous ratio was positively correlated with both FUR
yield and XYL conversion (Figure 5-23), meaning that a high ratio between solvent and water
had a positive effect on the two responses. In fact, according to the reported reaction systems
in Table 2-2 and Table 2-1, the optimum solvent-to-aqueous ratio for achieving high FUR yields
should be between 2:1 and 4:1, depending on the system. When computing the average FUR
yield and XYL conversion for experiments conducted at a high (4:1) and low (1:4) factor setting
for org/aq, it becomes evident that having a high solvent ratio resulted in far better system
performance (21.7mol% vs. 13.9mol% FUR vyield, respectively). This makes sense seen from
a kinetic perspective as higher volumes of organic solvent will improve the in-situ extraction
of FUR, which will help shift the equilibrium in the catalytically active aqueous phase towards
FUR formation, thereby improving XYL conversion and FUR yield, which agrees with well-
established literature findings (Mittal et al., 2020, Xu et al., 2018). In addition, the organic phase
will also help stabilize the product, thus leading to less by-product formation, which ultimately

leads to even higher yields (Weingarten et al., 2010a).

However, if the volumetric ratio between organic solvent and water becomes too small relative
to the amount of substrate added to the reactor, insufficient dehydration will occur as the
extraction rate of FUR into the organic phase becomes inadequate. This could explain the
generally poor results obtained for experiments conducted with a low factor setting for org/aq.
More specifically, FUR will start to accumulate in the aqueous phase after the organic phase
has become saturated. According to Le Chatelier's principle, increased concentrations of FUR
in the catalytically active aqueous phase will shift the equilibrium away from FUR production,
thereby decreasing the degree of XYL dehydration and selectivity towards FUR formation,
which ultimately leads to poor FUR yields.
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To further prove the important role of the organic extraction phase, the average partition
coefficient of FUR for each solvent ratio was calculated. The partition coefficient went from
1.6 to 6.9 when the volumetric ratio was increased from 1:4 to 1:1. When the ratio was further
increased to 4:1, the partition coefficient surged to 30.9. This is thought to be the key advantage
of biphasic reaction systems compared to monophasic systems, i.e., the in-situ extraction of
FUR into the organic phase aid in product stabilization while simultaneously shifting the

equilibrium of the reaction towards FUR formation, which increases the overall product yield.

5.3.2.5 INFLUENCE OF CATALYST LOADING

From the biplot in Figure 5-24 and the bar graph showing the weighted regression coefficients
for each variable and variable interaction (Figure 5-31), only a weak positive correlation was
observed between catalyst loading and FUR yield. In other words, the formation of FUR only
increased slightly with elevated acid concentrations for FFD2. These results could indicate that
the high and low values for catalyst loading were poorly selected, as very little information was

obtained for this factor for the second design.

As is shown in Table 5-7 and Table 5-10, the factor setting for catalyst loading was the only
difference between the first (FFD1) and the second (FFD2) experimental design. Hence,
comparing experiments with the same numbering from FFD1 and FFD2 could potentially
provide additional information regarding how catalyst loading affected the formation of FUR.
It may also give increased insight into the apparently unpredictable selectivity response. More
specifically, comparing analogous experiments from the two experimental designs could help
elucidate whether the observed trends for the previously discussed CP experiments (chapter
5.3.1), where all factor settings except catalyst loading were kept constant, also holds for the
experiments where all variables were changed between experiments. Figure 5-35 shows a
comparison between FFD1 and FFD2 in terms of FUR yield, XYL conversion and reaction

selectivity.
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Figure 5-35: Comparison of FFDI1 vs. FFD2 in terms of FUR yield, XYL conversion and reaction selectivity.

In general, experiments from FFDI1 produced higher FUR yields compared to analogous
experiments from FFD2 (Figure 5-35). These findings agree with previously discussed results
and literature findings (Xing et al., 2011), meaning that FFD1 was expected to perform better
than FFD2 based on the fact that the acid concentrations in FFD1 were significantly higher. In
fact, the FUR yield was superior for all experiments in FFD1, except for experiments 14 and

16, where FFD2 showed marginally better results.

A more distinct difference between FFD1 and FFD2 can be observed for experiment 7, both in
terms of FUR yield (27.6mol% vs. 7.1mol%) and XYL conversion (52.4 mol% vs. 9.3mol%).
When the acid concentration was reduced from 0.386M (pH = 0.66) in FFD1 to 0.129M (pH =
1.00) in FFD2, the FUR yield and XYL conversion decreased by 74.3% and 82.3%,
respectively. Experiment 12 exhibited a similar trend, as the FUR yield and XYL conversion
decreased by 50.0% and 76.7%, respectively when the catalyst loading was decreased. These
results clearly show that acid concentration can have a drastic influence on the formation of
FUR if the acid concentration is within a certain range. These results further support the
hypothesis that the factor settings for catalyst loading were poorly selected for FFD2, as catalyst

was found to have little influence on the overall formation of FUR.
No clear trend was observed between catalyst loading and selectivity when comparing FFD1

and FFD2, which is in accordance with the results obtained from the previously discussed CP

experiments. To exemplify, the calculated selectivities for experiments 2, 13, and 14 from FFD1
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were higher compared to the same experiments from FFD2. However, experiments 7, 12, 16,
and CP1 from FFD1 exhibited an opposing trend, i.e., lower selectivities when compared to
FFD2, which had significantly lower acid concentrations than the experimental analogs in
FFDI. More specifically, the selectivity for experiment 12 more than doubled (114.0%) when
the catalyst loading was reduced from 0.032M (FFD1) to 0.016M (FFD2). However, for
experiment 13, the selectivity went from 71.7% to 22.9%, a near 200 % decrease, when the acid
concentration was reduced from 0.386M (pH = 0.66) to 0.129M (pH = 1.00). These results do
not concur with established literature stating that pH<0.9 drastically enhances by-product
formation, i.e., reduces selectivity (Lamminpaa et al., 2014). Hence, experimental data show
an inconsistent trend between catalyst loading and reaction selectivity when experiments from
the two experimental designs are compared. These findings could suggest that lurking variables,
i.e., unknown factors with a significant effect on one or more responses, have a strong influence

on reaction selectivity.

To summarize, FUR yield generally increased with increasing acid concentrations. However,
findings suggest that if the aqueous reaction phase is too catalytically active due to excessive
catalyst loading, more by-product formation seems to occur as the organic extraction phase
cannot remove the generated FUR from the aqueous phase before further side-reactions occur.
This can further be ascribed to the fact that FUR is a highly reactive furanic intermediate
(Mariscal et al., 2016) formed during the dehydration of carbohydrates, which means that it is
susceptible to further degradation if not extracted quickly after its formation. Balancing the
catalytic activity of the aqueous reaction phase with the extraction capabilities of the organic
extraction phase is therefore essential to maximize XYL conversion and FUR yield while

simultaneously minimizing by-product formation.

5.3.2.6 INFLUENCE OF SUBSTRATE LOADING

The effect of substrate loading, i.e., initial concentration of XYL in the aqueous phase was also
studied to better understand how much XYL the employed reaction volume could efficiently
convert into FUR while maintaining a high degree of conversion. Acquiring information about
optimal substrate loading would also help maximize conversion efficiency when dealing with

batch reactors.
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As previously mentioned, substrate loading was the only main factor that had a negative
correlation with FUR vyield, i.e., high substrate loadings generally resulted in poor FUR yields
(Figure 5-24). The initial XYL concentration in the aqueous phase varied between 0.21 —2.50M
in FFD2. The average XYL conversion and FUR yield for experiments conducted with an initial
XYL concentration of 2.50M were 25.0mol% and 15.1mol%, respectively. However, when the
XYL concentration in the aqueous phase was at its lowest, i.e., 0.21M, the XYL conversion and
FUR yield increased to 55.0mol% and 25.5mol%, respectively, which equates to a 120%
increase in XYL conversion and a 68.5% increase in FUR yield. These numbers make sense
seen from a stoichiometric perspective, as the number of XYL molecules that must undergo
isomerization and subsequent dehydration into FUR is approximately 12 times higher when the
XYL concentration in the aqueous phase is 2.50M compared to 0.21M. Since only a finite
number of XYL molecules can undergo simultaneous degradation at any given time in a
constant reaction volume means if the initial XYL concentration is too high, the system will
exhibit reduced performance in terms of conversion and yield as the reaction system will

become saturated with FUR before all XYL molecules have been converted.

However, it could be speculated that exploration beyond the explored domain, i.e., increasing
factor settings for significant variables like reaction temperature and residence time would
result in improved XYL conversions for all experiments in FFD2, independent of initial XYL
concentration. However, this would also most likely result in reduced selectivities, as severe
reaction conditions are known to promote formation by-products through resinification,
fragmentation, and polymerization reactions (Lamminpaa et al.,, 2014). Therefore,
identification of optimal substrate loadings must be done in accordance with both the applied
reaction volume and the most significant factors, i.e., temperature and time, as one poorly
selected factor setting can have detrimental effects on the final FUR yield. In other words, all
variables found to have an impact on the formation of FUR must be balanced in order to

maximize the conversion efficiency of the batch process.
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5.3.2.7 EXPERIMENTAL REPRODUCIBILITY

In order to determine the reproducibility of the system in terms of FUR yield, selectivity, and
XYL conversion, a total of six replicates were conducted for FFD2. For experiments 2, 6, and
14, one replicate was conducted, while for experiment 12 and the CP, two and four replicates
were performed, respectively. The results are graphically represented in Figure 5-36. Pictures

of product solutions for all replicates can be found in Figure 5-37.
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Figure 5-36: Comparison of replicated experiments from the second fractional factorial design (FFD2).
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Figure 5-37: Product solutions of replicated experiments from FFD2.
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Figure 5-38: Stacked ' H-NMR spectra of the organic phases from the five CP experiments from FFD2.
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Figure 5-39: Stacked ' H-NMR spectra of the aqueous phases from the five CP experiments from FFD2.

Stacked NMR spectra for experiment 2a-b, 6a-b, 12a-c, and 14a-b can be found in appendix G.
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In general, the reaction system's performance in terms of reproducibility was poor, as can be
seen from the graph in Figure 5-36. For experiment 12, the triplicates generated an average
FUR yield and degree of XYL conversion of 28.1+9.0mol% and 46.7£24.7mol%, respectively.
The large standard deviations are caused by the significant discrepancies between experiment
12a and the two ensuing parallels (Table 5-11). When focusing on FUR yield, experiment 12b
and 12c¢ produced significantly higher FUR yields when compared to experiment 12a
(35.0mol% and 31.4mol% vs. 18.0mol%, respectively). Similarly, the degree of XYL
conversion for experiments 12b (58.6mol%) and 12¢ (63.2mol%) was much higher when
compared to experiment 12a (18.3mol%). However, the selectivity for experiment 12a (98.0%)
was significantly higher when compared to 12b and 12¢ (59.6% and 49.7%, respectively),
which suggest that a negative correlation exists between FUR yield/ XYL conversion and

reaction selectivity.

Significant deviations between parallels can also be observed for the CPs. In general, FUR yield
and XYL conversion increased with run order (Figure 5-36). In addition to producing the worst
result in terms of FUR yield, CP1 also produced more than twice the amount of formic acid
when compared to the other CPs (Figure 5-39). The reason for the excessive formic acid
formation in CP1 was not further investigated in this thesis. However, when performing an
outlier detection test for all the CPs (Figure 5-40), both CP1 and CP5 were considered potential
outliers due to their high leverage and low residual, i.e., they had a strong influence on the

model.

DataSet: Screening FFD2, Subset: CP with responses, 2 Comps. (96.6%)
1.0000

0.8000

0.6000

RSD

0.4000 4

0.2000 4

0.0000 T T T T
0.000 0.200 0.400 0.600 0.800 1.000

Leverage

Figure 5-40: Outlier detection for the CP experiments using residual (RSD) vs. leverage.
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When the run order (Table B-1, Appendix B) of the different replicates was compared to the
measured responses for all replicates (Figure 5-36), an apparent time trend emerged. Hence, the
previously detected outliers were not discarded to better illustrate the time trend observed in
the dataset. Both FUR yield and XYL conversion generally increased as a function of time,
with only a few exceptions. Reaction selectivity exhibited a reverse trend, i.e., it decreased as
the experimental design progressed, which agrees with previously discussed findings. It was
hypothesized that the time trend was caused by improved catalytic properties of the metal
reactor, resulting in increased catalytic activity on the surface of the reactor, thereby increasing
XYL conversion and FUR yield as the experimental design progressed. This hypothesis is
further supported by the splitting pattern in Figure 5-41, as the dissimilarity between replicates

generally increased with increasing time between parallels.
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Figure 5-41: Euclidian dendrogram showing experimental dissimilarity for all objects in FFD2 in terms of FUR yield. The
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The dendrogram in Figure 5-41 clearly shows that experiments 2a and 12a, both of which were
conducted several weeks prior to their ensuing parallels, are connected at a higher point
compared to their experimental analogs, meaning that they are more dissimilar in terms of FUR
yield. To exemplify, the FUR yield and XYL conversion for experiments 12b and 12c
(conducted over two consecutive days) deviated with 10.3% and 7.8%, respectively. However,
when experiment 12a is compared to experiment 12c¢ (conducted three weeks apart), the
deviation in yield and conversion soared to 74.4% and 245.0%, respectively. Similarly, for
experiments 2a and 2b, which were conducted four weeks apart, the deviation in FUR yield,

XYL conversion, and reaction selectivity were 33.8%, 143.5%, and 81.2%, respectively.

To summarize, the system's reproducibility was mediocre when experiments conducted at the
beginning of the experimental design are compared to parallels performed at the end of the
design. However, when parallels were completed over shorter time intervals, the reproducibility
improved significantly but was still far from satisfactory. The low reproducibility suggests that
the system is highly unstable, implying that several different reaction mechanisms can occur
simultaneously, as has been extensively covered in the literature by several authors (Rasmussen
et al., 2014, Lamminpaa et al., 2014, Zeitsch, 2001, Wang et al., 2015). The hypothesis
regarding the increased catalytic activity of the reactor walls as a function of time must be

explicitly tested by using an inert reactor vessel before it can be verified/falsified.

5.4 HYPOTHESIZED SIDE-REACTIONS

Based on previously discussed experimental findings concerning potential side-reactions and
the excessive formation of precipitates, it was speculated that the Maillard reaction between
XYL and sulfamic acid could be a participating mechanism resulting in the formation of
particulates. The Maillard reaction is known to proceed rapidly between reducing sugars and
amino acids at elevated temperatures, resulting in the formation of brown particles. A suggested

reaction mechanism between XYL and sulfamic acid is presented in Scheme 5-42.
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Scheme 5-42: Proposed Maillard reaction mechanism between XYL and sulfamic acid. (Source: Beate Halsvik, PhD.
Candidate, UiB).

However, this hypothesis has yet to be verified, as elemental analysis of precipitates must be
performed to see whether nitrogen atoms have been incorporated in the precipitated particles.
The presence of nitrogen would imply that sulfamic acid molecules can react with XYL to form

solid by-products.

It was also hypothesized that self-polymerization between the solvent molecules could be a
possible explanation for the excessive formation of precipitates (Scheme 5-43) as MIBK can
undergo polymerization reactions in acidic environments. To test this, two experiments without
the addition of substrate were conducted to see whether precipitates would form. The first
experiment (blank 1) was conducted using CP values, and the second experiment (blank 2)
employed high values for all factors (Table 5-10). Figure 5-44 shows the NMR spectra of the
aqueous phases from the conducted experiments. A picture of the product solution for both

experiments is also included in the Figure 5-44.

P% 5 YA —
O® _— Continued polymerization

MIBK

A AF

Scheme 5-43: Acid-catalyzed self-polymerization of MIBK. Mechanism proposed by Beate Halsvik, PhD. Candidate at the
University of Bergen.
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Figure 5-44: NMR spectra of the aqueous phases.

As is apparent from Figure 5-44, no precipitates were observed for any of the experiments,
which falsifies the hypothesis that self-polymerization of MIBK molecules participates in the
formation of the particulates observed in FFD1. However, the color saturation of the organic
phase was significantly higher for blank 2 compared to blank 1. In addition, Figure 5-44 shows
that the intensity of the three peaks located between 7.00 — 7.20ppm in the aqueous samples
increased for blank 2. Interestingly, these peaks were only observed in the 'TH-NMR spectra for
the aqueous phases, indicating that the compound responsible for generating these peaks is
insoluble in MIBK. No further investigations regarding these peaks were conducted in this
thesis as the only purpose of conducting these experiments was to see whether self-
polymerization between MIBK could help explain the formation of precipitates in the product

solutions.
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5.5 UTILIZATION OF F&B AS FEEDSTOCK FOR PRODUCTION OF FUR AND HMF

The last part of this thesis was to explore whether F&B rejects, more specifically plums and
cherries, could be used as potential feedstocks for producing high yields of FUR and HMF
using the selected biphasic reaction system. In order to do so, the best reaction parameters
identified during the screening process (substrate loading (0.125g), distilled H,O (4.0mL),
MIBK (1.0mL), sulfamic acid (0.0125g), 200°C for 90min) were used when conducting the
experiments. The calculated yields are tabulated in Table 5-12 and are graphically presented in
Figure 5-45. Pictures of product solutions are shown in Figure 5-46. NMR spectra of organic
and aqueous samples, including integration values, can be found in Appendix H. A reaction
scheme showing the simultaneous production of FUR and HMF can be found in scheme K-5 in
Appendix K. In addition, according to Matvaretabellen.no (Matvaretabellen, 2020), plums and
cherries have an average water content of 84% and 83%, respectively. This made it possible to
estimate the dry weight of substrate added to each experiment based on the wet mass added
prior to heating. The estimated dry weight of substrate added to each experiment was used when

calculating the predicted yields given in Table 5-12.

Table 5-12: Added substrate and calculated yields for the experiments using F&B rejects as substrate.

Cherries Plums

Substrate (wet) [g] 0.1252 0.1257
Substrate (dry) [g] 0.0213 0.0201

FUR [g] 0.00012 0.00009
HMF [g] 0.0021 0.0024
Formic acid [g] 0.0011 0.0001
Unreacted XYL [g] 0.0032 0.0026

Yield FUR [wt%]° 0.56 0.45

Yield HMF [wt%]° 9.87 11.93

Based on dry weight of substrate.
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Figure 5-45: Calculated yields for FUR and HMF for the experiments using cherries and plums as feedstock.

Figure 5-46: Product solutions where cherries (lefi) and plums (right) were used as substrate instead of XYL.

From Figure 5-46 it is possible to see that both product solutions had significant amounts of
solid particles dispersed in the aqueous phase. These particles were assumed to be primarily

pomace residues.
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The results presented in Table 5-12 and Figure 5-45 show that when cherry rejects were used
as a substrate, a total FUR and HMF yield of 0.00012g and 0.0032g were obtained, which
equates to 0.6wt% and 9.9wt% based on the dry mass of substrate added before heating.
Similarly, the FUR and HMF yield generated from plums was 0.00009g and 0.0024g, which
equals 0.5wt% and 11.9wt%, respectively. These yields are, as expected, considerably lower
when compared to the yield obtained for XYL using the same reaction conditions, which

obtained a total FUR yield of 0.0344g (42.9mol1%).

The significantly higher yields of HMF relative to FUR for both experiments suggest that
hexoses are more abundant in F&B than pentoses. This coincide with the reported structural
composition as glucose and fructose are known to be the predominant sugars found in F&B. In
addition to being an abundant free sugar in F&B, glucose is the sole constituent of cellulose as
well as being a central component of xyloglycans, a type of hemicellulose, both of which are
found in high abundance in F&B. The high amount of fructose present in F&B compared to
traditionally used LCB is also favorable for producing HMF as ketoses are far more reactive
than aldoses like glucose and mannose, as formerly specified in chapter 2.6.5.2. This means
that a substantial fraction of the free sugars present in F&B won’t have to undergo isomerization
before dehydration, which suggest that production of HMF should be far more efficient when
using F&B than conventional LCB, based on kinetic findings in the literature (Guo et al., 2020,
Delbecq et al., 2018).

The low yields obtained from F&B rejects compared to when XYL was used as substrate can
most likely be explained by the fact that F&B contains significant amounts of lignin, cellulose,
and hemicellulose in addition to free sugars and xylooligosaccharides (XOS) (Mitmesser and
Combs, 2017, Szymanska-Chargot et al., 2017). The interconnected lignocellulosic matrix
present in F&B (Wertz and Bédué, 2013) means that the reaction pathway from hemicellulose
and cellulose to FUR and HMEF, respectively, must include an additional hydrolytic
depolymerization step that converts cellulose and hemicellulose into monomeric sugars before
dehydration can take place. This means that the catalytic species present in the reaction phase
must promote simultaneous hydrolysis and dehydration when untreated biomass is used as a
feedstock. Since the catalyst loading in the aqueous reaction phase for the experiments utilizing
F&B rejects was identical to the catalyst loading in the experiment where XYL was used as
feedstock means that the number of catalytically active species that are available for

dehydration at any given moment will be significantly reduced when concurrent hydrolysis and
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dehydration takes place. More specifically, several of the Bronsted acidic species that promoted
dehydration into FUR when XYL was used as a substrate will participate in the hydrolysis of
glycosidic bonds instead of dehydration when F&B rejects are used as feedstock, as is clearly
shown in Scheme 2-12 in chapter 2.6.2. This means that the relative catalytic efficiency
regarding FUR and HMF production will be reduced for the experiments where both hydrolysis
and dehydration occur simultaneously. In addition, the NMR spectra in Figure H-1 — H-4 in
Appendix H also show that significant amounts of unconverted sugars remained in the aqueous
phase for both plums and cherries, a clear indication of insufficient catalytic conversion for the
employed feedstocks. Therefore, it is likely to assume that increased factor settings for both
catalyst loading, reaction temperature and residence time is required to achieve adequate
depolymerization and simultaneous dehydration when F&B residues are used as a feedstock to
produce furanic derivatives. Increasing the org/aq ratio would most likely also have a positive

effect on the final yield as it would improve the in-situ extraction of both FUR and HMF.

In summary, even though the yields of FUR and HMF obtained from F&B residues in this thesis
are far from satisfactory seen from a biorefinery perspective, it shows that both feedstocks have
major potential for generating both FUR and HMF if the reaction system is optimized. Hence,
efficient valorization of F&B rejects could potentially serve as a promising contribution

towards circular value creation in Norway.
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6. CONCLUSION

The primary objective of this thesis was, as stated in chapter 3, to find an efficient, green,
biphasic reaction system that could be used to produce high yields of FUR and HMF from both
simple sugars and sugar-containing industrial waste streams generated by the F&B industry in

Norway. To achieve this, the thesis was divided into four main tasks.

The first task found that 'H-NMR was the best analytical tool for reliable quantification of FUR
when employing biphasic reaction systems, both in terms of accuracy and precision. HPLC had
a slightly lower accuracy but a similar reproducibility when compared to gqNMR. GC-MS
produced the most unreliable results of the three analytical methods, both when using
calibration curves and internal standards. These findings clearly show the importance of
identifying reliable quantification methods that are compatible with both the products and the

applied reaction system before extensive experimental designs are conducted.

In the second task, a sulfamic acid-catalyzed MIBK/H>O biphasic solvent system was chosen
as the preferred reaction system for this thesis based on literature findings and preliminary
experimental testing, combined with the fact that both MIBK and sulfamic acid have excellent
physicochemical properties and good EHS characteristics, which concurred with the desired

specifications of this thesis.

In the third task, the interpretation of the measured responses and how they correlated with the
explored factors and factor interactions within the explored domain revealed that a potential
progression towards optimum conditions could be achieved by increasing the factor settings for
the most significant variables, i.e., reaction temperature and residence time. Solvent ratio and
acid concentration only had a small positive effect on the FUR yield, while substrate loading
was found to have a slightly negative influence on the overall yield. The curved response
surfaces of the contour plots in Figure 5-29 and Figure 5-30 clearly show that the best yields
were obtained close to the outer border of the experimental domain, i.e., when reaction
temperature, residence time, org/aq ratio, and catalyst loading were high, and when substrate

loading was low. Consequently, it is reasonable to postulate that increasing the factor settings
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for the most significant variables, i.e., time and temperature, potentially could improve the

overall formation of FUR.

The poor reproducibility of the reaction system suggests that isomerization and subsequent
dehydration of pentoses to FUR is a complex process that is sensitive to minor changes in both
physical and chemical system properties, which coincide with kinetic studies conducted by
Rasmussen et al. (Rasmussen et al., 2014). Therefore, it can be hypothesized that all of the
mechanistic pathways proposed in Scheme 2-11 could be involved in the formation of FUR.
However, their relative importance is most likely dependent on the applied reaction conditions.
Hence, identifying optimal reaction parameters is critical to ensure that the most favorable
reaction pathways in terms of conversion efficiency are the predominating mechanisms
involved during thermochemical conversion of carbohydrates to FUR. This would also help
improve the overall energy efficiency of the process while enhancing the EHS characteristics

of the reaction system, which align with the principles of green chemistry.

The best reaction conditions with regards to FUR yield, XYL conversion, and selectivity within
the experimental domain were identified to be 200°C, 90 min, with a sulfamic acid
concentration of 0.032M, MIBK/water ratio of 1:4, and a [XYL] of 0.83M. Under these
conditions, a total FUR yield of 42.9mol% was achieved in combination with a XYL conversion
and reaction selectivity of 88.8mol% and 48.3%, respectively. These results are relatively poor
compared to previously reported reaction systems employing MIBK as the extraction solvent,
as yields exceeding 80% have been reported when using conventional heating methods (Zhang

etal., 2013).

In the final task, when F&B rejects were used as feedstock and subjected to the best reaction
conditions identified during the experimental screening process, the performance in terms of
FUR and HMF yield was drastically reduced. More specifically, when plum rejects were used
as feedstock, the obtained yields of FUR and HMF were 0.45wt% and 11.93wt%, respectively,
while cherries produced a total FUR and HMF yield of 0.56wt% and 9.87wt%, respectively.
These yields are also relatively poor compared to reported yields obtained from untreated LCB
where conventional heating modes were employed. In fact, simultaneous FUR and HMF yields
of 41.0% and 50.0% from wheat straw in a MIBK/water solvent system have been reported
(Mirzaei and Karimi, 2016). However, given the fact that the FUR and HMF yields presented

in this thesis were achieved under sub-optimal reaction conditions suggest that significant
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improvements in terms of yield may be obtained if the system is optimized. Hence, efficient
utilization of bio-wastes generated from industrial processing of F&B to produce FUR and
HMF could be a small step towards meeting the ambitious sustainable development goals, as
well as accelerating the ongoing sustainable transformation as we transition from a fossil-based

to a renewable society.
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7. FURTHER WORK

Perform a response surface design, e.g., a central composite design (CCD) containing
axial points (star points) for the two most significant variables, i.e., temperature and
time. The addition of axial points would help get a more accurate description of the
response surface curvature of the initial model acquired from FFD2. Each axial point
experiment would be identical to the CPs except for one factor, which would take on a
new factor setting above and below the explored factor range used in the experimental

design in FFD2

The results obtained from the CCD could be used to further optimize the formation of
FUR by conducting a sequential simplex search by adjusting the most significant
variables, viz. temperature and time. In other words, a near-optimum domain could
potentially be located by following the slope of the response surface acquired from the

second FFD and the CCD.

Use microwave-assisted heating (MWAH) instead of conventional heating. This will
give insights into how residence time and heating rate affect the FUR yield and reaction
selectivity, as microwaves have been reported to produce high yields of both FUR and
HMEF in significantly shorter times than traditional heating modes (Hansen et al., 2009,
Le Guenic et al., 2015). It has also been reported that MWAH can enhance reaction

selectivity and reduce the necessity of LCB pretreatment.

Conduct a Life Cycle Assessment (LCA) to evaluate the environmental impact of the
different inputs and outputs of the reaction system. Elucidation of potential measures
that could help make the system as environmentally friendly and energy-efficient as

possible would be highly desirable, seen from the perspective of green chemistry.

Estimate the energy efficiency of the reaction to see whether the reaction system has

potential for viable large-scale production of furanic derivatives.

118



Test alternative acid catalysts, both homogeneous and heterogeneous, to see whether
better yields can be obtained using less severe reaction conditions, which would be

beneficial seen from both an energy- and an EHS-perspective.

Test the reaction system on alternative bio-based feedstocks. This will give valuable
information regarding how effective the reaction system is at producing furanic
derivatives from biomass with different structural compositions and origins. Obtaining
information on system efficacy will also help evaluate if the system has potential for

being used in large-scale biorefinery concepts in the future.

Conduct a kinetic study focusing on what mechanisms are predominant at different
reaction conditions. This will help reveal how the applied factor settings can be adjusted

to shift reaction selectivity towards FUR formation.

Conduct an experimental design in an inert reactor to test the hypothesis that speculated
that the catalytic properties of the metallic reactor walls changed over time, which was

thought to be the main factor for the poor reproducibility of the system.

Reuse the recovered aqueous phase to see how it affects the formation of FUR. Efficient
recycling of the aqueous phase would also drastically reduce the amount of spent

catalyst.
Retest the catalytic performance of the six catalysts tested during the selection process

using qNMR as a quantification tool instead of GC-MS. Duplicates/triplicates of the

best performing catalysts should also be performed to check for system reproducibility.
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APPENDICES

APPENDIX A — STRUCTURAL ELUCIDATIONS

APPENDIX A1 — STRUCTURAL ELUCIDATION OF @ AND [-D-XYLOSE

The following color-coding has been used throughout the structural elucidation of D-xylose: Blue=a — D —
Xylose. Red = f — D — Xylose. Both coupling constants and relative peak intensity was used in order to
differentiate between certain peaks in the two anomers. As described in chapter 4.1.2, The Karplus equation
describes the relationship between the *J-coupling constants and dihedral torsion angels in NMR
spectroscopy. The closer this torsion angle is to 90°, the smaller the vicinal coupling constant (*Jun). The
closer the torsion angle is to 0° and 180°, the larger the coupling constant will be. As a result, the *Juu-
coupling between hydrogen 1 and 6 in the @- and §-anomer will be ~3.70Hz and ~7.90Hz, respectively, due
to the relative spatial orientation of the hydrogen atoms in the two anomers (table A1-1). In 1996, Schmidt
and colleagues published an article describing the anomeric equilibrium of D-xylose in aqueous solutions.
They found that the a-anomer is less stable than the [-anomer. Consequently, the relative percentage
between the a- and B-pyranoid anomer present in an aqueous solution is 35% and 65%. respectively. By
applying this knowledge to the "H-NMR spectrum (Figure A1-2), it is possible to say that the doublet located
downfield at 5.20ppm belongs to the a-anomer, while the doublet at 4.58ppm belongs to the f-anomer
(Schmidt et al., 1996). The high chemical shift of proton 6 in the two anomers is caused by proton deshielding

due to the electron withdrawing effect of the pyranose-oxygen and the OH-group located on opposite sides

of the proton.
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Figure Al-1: *C; and ' C-chair conformations of a- and B-D-xylose.
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Table Al-1: 1H-NMR chemical shifts for D-xylose standards at different pH (Neo-600 MHz).

Chemical Chemical shift. Chemical Chemical Chemcial Multiplicity Peaks Coupling Integration Atom number Position
environment pH-adjusted shift shift shift. Exponential constant. J value
(7.40) pH=199 pH=5.19 pH=11.13 multiplication
[ppm] [ppm] [ppm] [ppm] [Hz]
1
1 3.23 3.21 3.23 3.22 dd 9.39.7.89 1H
2
2 3.32 3.31 3.32 3.32 dd 11.57.10.64 1H
3
3 3.43 3.42 3.43 3.43 t 9.26.9.26 1H
4 3.53 3.51 3.52 3.52 dd M 9.43.3.69 1H 1
5 4
2 1
3
5 3.65 3.63 3.64 3.65 m It il - 5H 4,4,2,3,5
s
A
MM,
6 3.93 391 3.93 3.92 dd M 11.55.5.48 1H 5
7 4.58 4.56 4.58 4.59 d M 7.90 1H 6
8 5.20 5.18 5.20 5.20 d M 3.68 1H 6
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Figure AI-2: '"H-NMR spectrum of xylose standard. pH adjusted (pH = 7.40). The sample contains both the a and

anomer of D-xylose.
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Figure A1-3: Chemical shifis (a- and -D-xylose at different pH values. The figure clearly show that pH has minimal effect
on the chemical shifts and relative positions of the peaks. The chemical shifts of the peaks slightly decreased when the pH

was adjusted to 1.99.
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Beta-D-Xylose "H-NMR

M } L

Alfa-D-Xylose 'H-NMR

54 53 52 51 50 49 48 47 46 45 44 43 42 41 40 39 38 37 36 35 34 33 32
1 (ppm)

Figure Al1-4: Separated/filtered 1H-NMR spectra for a- and [5-D-xylose. The chemical shifis of proton 2 and 5 in a-D-xylose
are almost identical (0.001ppm difference).
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Table AI1-2: 3C-NMR chemical shifts for D-xylose.

Chemical environment

Chemical shift

Position

63.70

67.96

72.12

72.26

74.35

75.72
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76.94

78.72

95.07

99.46

Blue=a — D — Xylose.Red=f — D — Xylose
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Figure AI-5: 3C-NMR spectra (D-xylose standard).

Alfa-D-Xylose "*C-NMR

Beta-D-Xylose "*C-NMR

.
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Figure A1-6: Separated (filtered) '>C-NMR spectra for a- and B-D-xylose.
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COSY, Xylose standard meum
M | I

6 6 5 2 4 1 3 2 1

1 (ppm)

T T T T T T T T T T T T T T T T T T T T T T T
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Figure A1-7: COSY (D-xylose standard).

3Jy = 7,90 Hz (beta)
3Jy = 3,68 Hz (alfa)
31y = 9,39 Hz (beta)
8,1 = 9,43 Hz (alfa)
8Jy = 9,26 Hz (beta)
8Jy = 9,26 Hz (alfa)
3‘JHH = 10,64 Hz (beta)
3Jhn = 11,57 HZ (beta)
8Jyy = 5,48 Hz (beta)

Figure A1-8: Coupling constants (D-xylose-standard).
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Table A1-3: Cross-peak identification from high resolution HSQC. Focus area decreased from 165 to 55 ppm. number of points increased from 256 to 1024 and 25% non-uniform sampling (NOS)

were used to decrease analysis time. Peak (k) is from the normal HSQC (figure A1-9).

Crosspeak #

"H-peak

BC-peak

Anomer

Position

1(3.23)

2(3.33)

3 (3.43)

1 (3.53)

4(3.62)

C (76.93)

A (67.96)

D (78.70)

C (74.35)

B (72.25)

B — D — Xylose

B — D — Xylose

B — D — Xylose

a—D — Xylose

a—D — Xylose
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4 (3.63)

3 (3.67)

5(3.94)

6 (4.58)

6 (5.20)

2.5(3.67)

B (72.09)

D (75.69)

A (67.96)

E (99.43)

E (95.08)

A (63.60)

B — D — Xylose

a—D — Xylose

B — D — Xylose

B — D — Xylose

a—D — Xylose

a—D — Xylose
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HSQC, Xylose standard
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Figure A1-9: HSQC (D-xylose standard). Peak (k) was not visible in the high-resolution HSQC (figure A1-10).
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Figure AI1-10: High resolution HSQC (D-xylose standard).
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High resolution HSQC, zoomed
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r72.45
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Figure A1-11: High resolution HSQC showing cross peaks between carbon B and proton 4 in both anomers.
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Table Al1-4: Cross peak identification from H2BC (D-xylose standard).

Cross-peak

(IH.ISC)

Anomer

Position

A

(6.C)

(6.C)

(1.E)

(4.D)

(1.D)

a—D — Xylose

B — D — Xylose

a—D — Xylose

B — D — Xylose

B — D — Xylose

H

HO—

] H\ /OH ]

C
O—\C/ \C/—

C (0]

o

Ho /N

T

OH
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(2.B)

(4.A)

(4.A)

(5.B)

3.0)

B — D — Xylose

a—D — Xylose

B — D — Xylose

B — D — Xylose

a—D — Xylose

——C c—
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(3.0)

(3.B)

(2/5.B)

(1.D)

(LE)

B — D — Xylose

B — D — Xylose

a—D — Xylose

a—D — Xylose

B — D — Xylose
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H2BC specter Xylose

I I
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Figure AI-12: H2BC (D-xylose standard).
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Table AI-5: Crosspeak identification from HMBC (D-xylose standard).

Cross peak # (‘H.BC) Coupling Anomer Position
JH OoH
H \C/ H
HO CD/ \C OH
A (1.D) 2Juc B — D — Xylose |
HO /C\C/O
VAN
H H
1H\ /OH
H H
2 HOf\C/C\EC/fOH
B (1.E) Juc B — D — Xylose HO_L c\)
/ \C/
Ho /N
H H
H\ /OH
H H
5 HO \C/C\C/—OH
C (2.B) Jnc B — D — Xylose HO*(IZB c\)
/ \C/
o /N
Hy H
H OH
H \ / H
HO*CD/C\C/ OH
D (2.D) nc B — D — Xylose | |
HO—C (o]
/ \C/
o /N
Hy H
. H\ /OH .
3 HOf\C/C\EC/—OH
E 2.E) Juc S — D — Xylose Hofl\o/l
Ho /N
Hy H
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a N
HO \C/C\C/ OH
(3.B) 2Juc S — D — Xylose e |
HO—/C\C/O
" H/ \H
H\ /O
3
C
HO \C/C\C OH
3.0 Jnc B — D — Xylose | |
HO C o
o
Ho /N
H H
H\ /OH
H
o}
Ho—o~ \C/—OH
4.A) 2Juc a—D — Xylose |
HO—C\é/O
Ha o /N
H H
H\ /OH
H
HO \C/C\C/—OH
4.A) 2Juc f — D — Xylose \ \
HO—C. A O
/ ¢
a H/ \H
H OH H
4.C) e a — D — Xylose H /\/\ Vs \ /\/
(4.D) Juc a—D — Xylose HO*TD ¢ T*O Ho ‘Cn ¢
3
E:]()j; Z;HC ,3 : g : ﬁyﬁose HO c\c/o HO /C\C
. HC p ylose Ha  /\ Ha  /\
H H H H
H OH
3 Y
2.E) Juc n Ho—¢” > on
(B.E) 3Juc a—D — Xylose N (‘: ECL
(4.E) “Tnc /e
Ha /N
Hy, H
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(2.B) 2Juc H OH
2.0) Juc 3H\ \C/ H
3
(g'g) Zgﬂc HO—CD/ c >N on
(3-B) , e a — D — Xylose ‘ ‘
3.0) Juc cB )
(5.B) 2Juc o
(5.C) “Tnc Ho /N
(5.D) 3Juc Hy Hg
" H\ /OH "
HO C/C\C OH
(5.B) A B — D — Xylose o s |
o
" H/ \H
H\ H "
N
5.0) o o HO TD c c‘ oH
(5.D) e B — D — Xylose o>
" H/ \H
H\ H\C/OH .
HO*C/ \CfOH
(5.E) nc B — D — Xylose b
/ \c/
" H/ \H
" H\ /OH He
HO \C/C\C/ OH
(6.A) 3Juc a — D — Xylose | \
HO /c\é/o
! H/ \H
" H\ /OH He
HO CD/C\C OH
(6.D) nc a — D — Xylose °
HO /C\/C\/O
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HMBC, Xylose standard
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Figure AI-13: HMBC (D-xylose standard).

J-Resolved, 850 MHz
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Figure A1-14: J-Resolved spectrum of D-xylose (2D-experiment where the indirect dimension (f1) is the coupling constant).
Combining a 'H-NMR spectrum (850 MHz) with a J-resolved experiment almost made it possible to extract the coupling

constant for proton 4 in the two anomers (figure A1-15).
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Figure AI-15: J-tree showing coupling constants between individual peaks in the complex multiplet.
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APPENDIX A2 — STRUCTURAL ELUCIDATION OF FURFURAL

Furfural standard, pH = 7,40, 600 MHz o
+7.0x10”
+6.5x10”
+6.0x10”
15.5x10”
15.0x10”
+4.5x10”

+4.0x107

13.5x107

1 +3.0x107
12.5x107
TSP
+2.0x107
H.5x107

H.0x10”

15.0x10°

r0.0

o
=3

Jogs
o7 1.00
1102 4=

. . . . . . . . . . . . . . .
75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00
1 (ppm)

T T
95 90 85 8

Figure A2-1: '"H-NMR spectrum of FUR standard (pH adjusted to 7.40).

Splitting patterns and integration values for the different chemical environments in FUR:
- @ =6.77 ppm. H1: Doublet of doublets (dd) due to different *Juu bonds to H2 and H3.
- @ =7.58 ppm. H2: Doublet of doublets (dd) due to 3Jun to H1 and “Juw to the aldehydic
proton.
- 0 =7.92 ppm. H3: Complex multiplet (m) due to *Jun to HI and *Jun to H2. Maybe
even *Jun to the aldehydic proton.

- @ =9.50 ppm. H4: Doublet (d). Aldehydic proton. The peak is split due to *Jun to H2.
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Table A2-1 "H-NMR chemical shifts for FUR standards at different pH (Neo-600 MHz).

Chemical Chemical Chemical Chemical Chemcial Chemical Multi- Peaks Peaks Coupling Integration Functional Position
shift, not  shift, pH- shift shift shift, shift, plicity Exponential Lorentz Gauss constant. J value group
Chemical pH- adjusted pH=2.00 pH=4.80 pH=10.73 Chemdraw multiplication transformation [Hz]
emica
adjusted (7.40) (Gaussian = 0.2
environment

(pH= Zero Filling =
7.38) 128k)
[ppm] [ppm] [ppm]  [ppm] [ppm] [ppm]

g o
T‘/ \C

. . . . . . dd J.1. -CH-
1 6.77 6.77 6.75 6.77 6.77 6.84 3.7.1.7 1H CH H/c\(</

0
\C/ \
|
2 7.58 7.59 7.56 7.58 7.58 7.47 dd 3.7.0.8 1H -CH- ¢ //
H/ \C\
H

N
)
3 7.92 7.92 791 7.92 7.92 8.18 m 1.7.0.9 1H CH-O H/C\C \/
H
N—
I >
0.9 1H -CH=0 H/C\C \/

4 9.50 9.50 9.49 9.50 9.50 9.68

(=9
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Furfural standard pH 7,40

Furfural standard pH 10.73

Furfural standard pH 4.80

Furfural standard pH 2.00

T
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0
f1 (ppm)

Figure A2-2: stacked ' H-NMR spectra of FUR standards at different pH.

Furfural std (600 MHz) Effect of changing processing parameters

Gaussian = -0,2
Zero filling = 128k

Standard seting

N

Exponential = 0,5 Hz

No apodization,
Zero filling = 256k

S AN YL N W N[N NI
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T T T T T — : : \ T T T
9506 9502 9.498 7.930 7925 7920 79%775 6770 6765 6760 7585 7580 7575
f1 (ppm) 1 (ppm) 1 (ppm) 1 (ppm)

BN

Figure A2-3: 'H-NMR FUR std. Different processing parameters affects peak resolution. Best resolution achieved with
Gaussian = 0.2 and zero filling set to 128k.
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Table A2-2: 3C-NMR chemical shifts for FUR.

Chemical environment Chemical shift Chemical shift (Chemdraw) Functional group Position
a 113.27 112.60 -CH- //\O
C\)v/
b 125.89 121.10 -CH- </\O
c/)\?o
c 150.22 147.10 -CH- /C\O
A O
d 152.10 153.30 -C- / ')
= L\%O
e 180.73 178.10 CH=0 / e
NS
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180.73
—152.10
—150.22

BC-NMR (Furfural

15C NMR (151 MHz, H:04D,0) 3 180.73, 152.10, 150,22, 125.89, 113.27.

126.89

13.27

T T T T T T T T T T T
180 175 170 165 160 155 150 145 140 135 130
1 (ppm)

Figure A2-4: 3C-NMR (FUR standard). The reduced integration intensity of peak d could be a result of the nuclear

overhauser effect (NOE) as no proton is directly connected to the carbon.
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Figure A2-5: COSY spectrum of FUR standard with coupling constants.
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Figure A2-6: HSQC (FUR standard).
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Figure A2-7: HMBC (FUR standard). The peaks without numbers located at (4, ) and (2, b) are satellite peaks from °C,

and are of little analytical value.
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Table A2-3: Cross-peak identification from HMBC (FUR standard).

Crosspeak # "H-peak BC-peak Identity Signal strength Coupling
4 1(6.77) b (125.89) C-H Strong Juc
7 ¢ (150.22) C-H Strong Jnc
10 d (152.10) C-H Medium 3Tuc
2 2 (7.58) a (113.27) C-H Strong Jnc
6 ¢ (150.22) C-H Strong 3Jnc
9 d (152.10) C-H Medium Jnc
12 e (180.73) C-H (aldehyde) Weak 3Jnc
1 3(7.92) a (113.27) C-H Strong 3Jnc
3 b (125.89) C-H Medium 3Tuc
8 d (152.10) C-H Strong 3Tuc
11 e (180.73) C-H (aldehyde) Weak Tnc
5 4(9.50 d (152.10) C-H Strong Jnc
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APPENDIX A3 — STRUCTURAL ELUCIDATION OF 5-HYDROXYMETHYLFURFURAL

5-Hydroxymethylfurfural standard, pH = 7,40, 600 MHz

F2.40x10%
F2.20x10°

F2.00x10%
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/\ }.40x10°
1 8
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£8.00x10’
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L F2.00x10
H,0 L
) L I

—r0.00

1.00 1
0.92—
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i !
3 8
- =
7.
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70 65 60 55 50 45 40 35 30 25 20 15 10 05 00
1 (ppm)

T T T T
95 90 85 80

Figure A3-1: '"H-NMR spectrum of 5-HMTF standard. pH adjusted (pH = 7.40).

Splitting patterns and integration values for the different chemical environments in 5-

hydroxymethylfurfural (HMF):

0 =4.70 ppm. H1: Singlet (s). No neighboring protons. Integration value of this peak
should be 2 (methylene group). Unfortunately, the methylene resonance is very close to
the H>O resonance (60Hz). The small integration value is a result of spillover from the
presaturation on the H>O resonance and over to the CH: resonance. This causes
saturation of the peak and the signal intensity is consequently reduced. The integration
value varied for all spectra. It was not reproducible, but consistently too small.

d =6.68 ppm. H2: Doublet (d). One neighboring proton *Jun to H3. Integration value
=1

d =7.54 ppm. H3: Doublet (d). One neighboring proton *Jun to H2. Integration value
=1

0 =9.46 ppm. H4: Singlet (s). High chemical shift due to the proximity to a carbonyl

group. Integration value = 1

The OH-group does not appear in the spectrum since the OH-proton is rapidly exchanged with

the solvent, especially when D>O is used as a solvent.
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Table A3-1: 'H-NMR chemical shifts for 5-HMF standards at different pH (Neo-600 MHz).

Chemical Chemical Chemical Chemical Chemical Chemical Chemical Multiplicity Peaks Coupling Integration Functional group Position
environment shift. & shift. & shift. & shift.6 shift. & shift. & constant. J value
pH not pH- [Hz]
adjusted adjusted Predicted
(pH=7.46) (pH=7.40) (pH=1.75) (pH=4.87) (pH=10.81) Chemdraw
H
H>K
HO C/O\ H
* - - - - - 5.12 - - - 1H HO- || /°‘<
H/C\C\/ o
H
H
H >k
HO C/o\ H
1 4.70 4.70 4.69 4.70 4.70 4.39 s - 2H -CH»- ‘ ‘ Y C‘<
H/C\C\/ o
H
H
H>k
HO C/o\ H
2 6.68 6.68 6.67 6.68 6.69 6.73 d 3.6 1H -CH- ‘ ‘ / C«
H/C\C/ o
\H
H
H>k
HO c/O\ H
3 7.54 7.54 7.53 7.54 7.54 7.42 d 3.6 IH -CH- ‘ ‘ / C‘<
4
H/ \C\ o
H
H
H
HO H
4 9.46 9.46 9.44 9.45 9.46 9.68 s k - 1H -CH=0
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pH=1.75 5-Hydroxymethylfurfural at different pH, 600 MHz
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Figure A3-2: Stacked ' H-NMR spectra of HMF measured at different pH to see how it affected the chemical shifts of the
different peaks.
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Figure A3-3:>C-NMR (HMF-standard)
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Table A3-2: 3C-NMR chemical shifts for HMF.

Chemical environment Chemical shift Chemical shift (Chemdraw) Functional group Position
a 56.24 57.00 -CH»-OH 0]
O/ \ C
/ om
b 111.10 111.60 -CH- 0]
o~ \ >/\
c OH
c 127.01 121.90 -CH- 0]
o%\(
C / OH
d 151.91 153.10 -C- 0]
04\0/
/2
e 161.49 161.60 -C- 0]
o~ \C/\
\ S N
f 180.59 178.10 CH=0 C 0]
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Figure A3-4: COSY spectrum of HMF standard.
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Figure A3-6: HMBC (HMF standard).
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Table A3-3: Cross-peak identification from HMBC (HMF standard).

Crosspeak # "H-peak BC-peak Identity Signal strength Coupling
2 1 (4.70) b (111.10) C-H Medium 3The
9 e (161.49) C-H Medium Jnc
3 2 (6.68) ¢ (127.01) C-H Medium Jnc
6 d (151.91) C-H Strong 3Tuc
8 e (161.49) C-H Strong Jnc
1 3(7.54) b (111.10) C-H Medium Jnc
5 d (151.91) C-H Strong Jnc
7 e (161.49) C-H Strong 3Jnc

10 £(180.59) C-H (aldehyde) Weak 3Jnc
4 4 (9.46) d (151.91) C-H Strong Jnc
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APPENDIX A4 — STRUCTURAL ELUCIDATION OF GAMMA-VALEROLACTONE (GVL)

88383 L 59
B ENENENENEN < < r1900000C
SN i N
1800000C
Gamma-valerolactone (GVL) (standard) 600 MHz
1700000C
'H NMR (600 MHz, H,0+D,0) 3 2.72 - 2.59 (m, 2H), 2.42 (dddd, J = 12.8, 8.8, 6.6, 5.1 Hz,
1H), 1.91 (dtd, /= 12.9,9.5, 7.8 Hz, 1H), 1.41 (d, J= 6.2 Hz, 3H). r1600000C
1 F1500000C

—~ - | r1400000C
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Figure A4-1: '"H-NMR spectrum of GVL standard measured at pH = 7.40 (600 MHz)

The complex splitting pattern is a result tautomerization of the GVL molecule. The non-planar
nature of the furanic ring gives rise to different chemical shifts for the protons directly attached
to the ring due to continuously changing spatial orientations of the protons. Consequently,
different protons can couple to other protons in the ring depending on the relative spatial
orientation of all the protons in the furanic ring.

- 0 =1.40 ppm, H1: Doublet (d). Methyl group (integration value should be equal to 3).
Split due to 3Jun bond to H4. The integration value in figure A4-1 is too big due to signal
overlap. This could probably be solved by using CDCl; as solvent, as this will solve the
problem regarding signal overlap with water

- 0 =1.91 ppm and 2.43 ppm, H2: Multiplet (m). Methylene group in the furanic ring.
The signal is split into two separate multiplets.

- 0 =2.66 ppm, H3: Complex multiplet (m). second methylene group attached to the
furanic ring. Integration value = 2

- H4: Does not appear in the spectrum due to overlap with water. Predicted chemical shift
from chemdraw is 4.40 ppm, which is very close to the signal for water, which has been

suppressed by water suppression.
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Table A4-1: 'H-NMR chemical shifts for y-valerolactone (GVL) standard (Neo-600 MHz).

Chemical Chemical shift, not Chemical shift, Multiplicity Peaks Coupling constant, J Integration value Functional group Position
environment pH-adjusted predicted by [Hz]
(pH = 7,46) Chemdraw
[ppm] [ppm]
H
ch%o
1 1.40 1.30 m 3H CHs- >:°
H"’/C\C
Ko
H
H
chﬁ/o
2 1.93 1.92 m 1H -CH:- =0
H——'/C\C
Ko [
H
H
Hac\}/o
2 2.43 2.17 m 1H -CH:- =0
H’7C\C
S
H
H
Hacg‘/o
3 2.66 2.25,2.35 m 2H -CH,- =0
H"’/C\C
H /\H
H
H
mc%o
4 - 4.40 - - 1H -CH- >:°
H—’/C\C
H /\H
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APPENDIX A5 - ADDITIONAL STANDARD SPECTRA (NMR)
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Figure A5-1: Levulinic acid standard (600 MHz).
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Figure A5-2: Formic acid standard (600 MHz).
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APPENDIX B — RAW DATA FROM THE SECOND EXPERIMENTAL DESIGN

Table B-1: Experimental setup for FFD2 with added masses of substrate and catalyst for each experiment.

Experiment Temperature Time Org/Aq Substrate Catalyst Run Order
# [°Cl [min] [vivl [g] [g]
1 150 30 1:4 0.1250 0.0133 2a
2a 200 30 1:4 0.125 0.0066 13
3 150 90 1:4 0.1249 0.0061 14a
4 200 90 1:4 0.1254 0.0123 11
5 150 30 4:1 0.1256 0.0062 CP1
6a 200 30 4:1 0.1249 0.0124 7
7 150 90 4:1 0.1253 0.0124 12a
8 200 90 4:1 0.1250 0.0062 6a
9 150 30 1:4 0.3750 0.0063 3
10 200 30 1:4 0.3753 0.0125 CP2
11 150 90 1:4 0.3741 0.0131 5
12a 200 90 1:4 0.3747 0.0062 4
13 150 30 4:1 0.3750 0.0127 15
14a 200 30 4:1 0.3747 0.0063 1
15 150 90 4:1 0.3752 0.0063 CP3
16 200 90 4:1 0.3747 0.0125 16
CP1* 175 60 1:1 0.2494 0.0094 9
CP2* 175 60 1:1 0.2498 0.0093 8
CP3* 175 60 1:1 0.2501 0.0093 10
CP4* 175 60 1:1 0.2503 0.0094 CP4
14b 200 30 4:1 0.3751 0.0065 14b
12b 200 90 1:4 0.3749 0.0064 12b
12¢ 200 90 1:4 0.3754 0.0063 12¢
CP5* 175 60 1:1 0.2497 0.0094 CP5
2b 200 30 1:4 0.1254 0.0062 2b
6b 200 30 4:1 0.1253 0.0123 6b

*Center point experiments
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Table B-2: Integration values, predicted concentrations and calculated yields for all experiments from FFD2.

Organic phase

Aqueous phase

Proto Concentration Yield Concentration Yield
Exp # Compound ns Integral [mM] Factor le] Integral [mM] Factor le]
Furfural 1 0.0020 0.2034 - 0.00032 0.0061 0.6204 - 0.00025
DMSO: 6 6.0000 102.9800 0.00971 - 6.0000 101.7100 0.00983 -
1
@and § D- 2 - . - . 1.9121 194.4797 - 0.1251
Xylose
Formic acid 1 - . - . 0.0092 0.9219 - 0.00006
Furfural 1 0.0213 21771 - 0.0037 0.0572 5.8066 - 0.0025
DMSO: 6 6.0000 102.0900 0.00979 - 6.0000 101.4700 0.00986 -
2a
aand f D- 2 - - - - 1.7019 172,6918 - 0.1122
Xylose
Formic acid 1 - . - . 0.0083 0.8422 - 0.0002
Furfural 1 0.0263 27197 - 0.0048 0.0838 8.3926 - 0.0035
DMSO: 6 6.0000 103.51 0.0097 - 6.0000 100.1800 0.0100 -
2b
@ and § D- 2 y . . . 1.4334 143.5980 y 0.0923
Xylose
Formic acid 1 - . - . 0.0110 1.1020 - 0.0002
Furfural 1 0.0010 0.1012 - 0.0002 0.0416 0.0001 - 0.0001
DMSO: 6 6.0000 103.8221 0.0096 - 6.0000 103.7132 0.0096 -
3
aand f D- 2 . . . , 2.0753 215.2294 . 0.1359
Xylose
Formic acid 1 y . . . 0.0326 3.3809 - 0.0006
Furfural 1 0.1068 11.1719 - 0.0204 0.3622 37.4246 - 0.0144
DMSO: 6 6.0000 104.6348 0.0096 - 6.0000 103.3435 0.0097 -
4
aand f D- 2 . . . , 0.2250 23.2515 . 0.0140
Xylose
Formic acid 1 y . . . 0.0760 7.8538 - 0.0014
Furfural 1 0.0011 0.1145 - 0.0009 0.0028 0.2817 - 0.00003
DMSO: 6 6.0000 104.0734 0.0096 - 6.0000 99.7194 0.0100 -
5
@and § D- 2 y . . . 7.9161 789.3935 y 0.1268
Xylose
Formic acid 1 y . . . 0.0074 0.7379 - 0.00004
Furfural 1 0.1423 143139 - 0.0289 0.3796 37.5588 - 0.0013
DMSO: 6 6.0000 103.9469 0.0096 - 6.0000 102.3382 0.0098 -
6a
@and § D- 2 y . . . 4.5066 461.2054 y 0.0236
Xylose
Formic acid 1 y . . . 0.0944 9.6609 - 0.0083
Furfural 1 0.0375 3.9570 - 0.0323 0.1044 10.4580 - 0.0009
DMSO: 6 6.0000 105.5926 0.0095 - 6.0000 100.2246 0.0100 -
6b .
@and B D 2 y . . . 0.8028 80.4566 y 0.0106
Xylose
Formic acid 1 y . . . 0.0899 9.0098 - 0.0074
Furfural 1 0.0068 0.7083 - 0.0055 0.0139 1.3949 - 0.0002
DMSO: 6 6.0000 104.1566 0.0096 - 6.0000 100.5308 0.0099 -
7
@and § D- 2 y . . . 7.0969 713.4514 y 0.1136
Xylose
Formic acid 1 y . . . 0.0380 3.8201 - 0.0002
Furfural 1 0.0395 4.0705 - 0.0311 0.1123 11.6917 - 0.0009
8
DMSO: 6 6.0000 104.0539 0.0097 - 6.0000 104.0765 0.0096 -
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o and g D-

- . - . 0.6900 71.8152 - 0.0088
Xylose
Formic acid y . . . 0.1016 10.5745 - 0.0004
Furfural 0.0020 0.2066 - 0.0003 0.0057 0.5660 - 0.0002
DMSO: 6.0000 105.9432 0.0094 - 6.0000 99.2954 0.0101 -
9
aand § D- - . - - 5.6300 559.0590 - 0.3680
Xylose
Formic acid - . - . 0.0051 0.5064 - 0.00001
Furfural 0.0319 3.3288 - 0.0061 0.1038 10.4767 - 0.0044
DMSO: 6.0000 104.3481 0.0096 - 6.0000 100.9757 0.0099 -
10
@and § D- - . - . 5.1848 523.5611 - 0.3466
Xylose
Formic acid y . . . 0.0041 0.4140 - 0.00008
Furfural 0.0140 1.4659 - 0.0025 0.0377 3.8139 - 0.0017
DMSO: 6.0000 104.5248 0.0096 - 6.0000 101.3020 0.0099 -
11
@and § D- y . . . 5.5491 562.1238 y 0.3633
Xylose
Formic acid - . - . 0.0224 2.2691 - 0.0004
Furfural 0.0368 3.8176 - 0.0260 0.1324 13.3418 - 0.0171
DMSO: 6.0000 103.8121 0.0096 - 6.0000 100.7466 0.0099 -
12a
@and § D- - . - . 1.6468 165.9151 - 0.3060
Xylose
Formic acid y . . . 0.0962 9.6922 - 0.0020
Furfural 0.2540 26.5048 - 0.0527 0.7695 74.8823 - 0.0312
DMSO: 6.0000 104.3617 0.0096 - 6.0000 101.9535 0.0098 -
12b
aand f D- . . . , 2.4476 249.5328 . 0.1550
Xylose
Formic acid y . . . 0.0935 9.5323 - 0.0018
Furfural 0.2479 25.8659 - 0.0486 0.6465 65.7400 - 0.0269
DMSO: 6.0000 104.3355 0.0096 - 6.0000 101.6852 0.0098 -
12¢
@ and § D- . . . , 2.1190 215.4811 . 0.1380
Xylose
Formic acid - . - . 0.0946 9.6199 - 0.0019
Furfural 0.0073 0.7706 - 0.0059 0.0147 1.3833 - 0.0002
DMSO: 6.0000 105.2000 0.0095 - 6.0000 94.4200 0.0106 -
13
@and § D- y . . . 18.7237 1767.8918 y 0.3333
Xylose
Formic acid - . - . 0.0094 0.8875 - 0.00005
Furfural 0.0684 7.0808 - 0.0530 0.2282 21.7520 - 0.0024
DMSO: 6.0000 103.5199 0.0097 - 6.0000 95.3186 0.0105 -
14a
@and § D- y . . . 8.9753 855.5256 y 0.1318
Xylose
Formic acid y . . . 0.1268 12.0866 - 0.00006
Furfural 0.0498 5.2199 - 0.4066 0.1405 13.3489 - 0.0015
DMSO: 6.0000 104.8728 0.0095 - 6.0000 95.0126 0.0105 -
14b
aand f D- . . . , 11.9054 1131.1321 . 0.2009
Xylose
Formic acid y . . . 0.0343 3.2588 - 0.0001
Furfural 0.0098 1.0106 - 0.0080 0.0155 1.4500 - 0.0002
15 DMSO: 6.0000 103.6486 0,0096 - 6.0000 93.8474 0.0107 -
aand f D- . . . , 17.8414 1674.4154 . 0.3287
Xylose
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Formic acid - . - - 0.0502 47113 - 0.0003
Furfural 0.1255 13.1171 - 0.0975 0.4722 44.9983 - 0.0026
DMSO: 6.0000 104.5615 0.0096 - 6.0000 95,2982 0.0105 -
16
o and g D-
Xylose - . - - . . - 0.0000
Formic acid - . - - 0.5353 51.0141 - 0.0014
Furfural 0.0085 0.8892 - 0.0043 0.0253 2.5467 - 0.0006
DMSO: 6.0000 105.2322 0.0095 - 6.0000 100.7635 0.0099 -
crl1
aand § D- . . . , 6.1372 618.3843 . 0.2339
Xylose
Formic acid - . - - 0.0903 9.0986 - 0.0011
Furfural 0.0201 2.1012 - 0.0100 0.0590 5.8565 - 0.0016
DMSO: 6.0000 104.7996 0.0095 - 6.0000 99.2172 0.0101 -
CP2
aand f D- - . - - 5.3369 529.5272 - 0.2201
Xylose
Formic acid - . - - 0.0261 2.5896 - 0.0003
Furfural 0.0140 1.4794 - 0.0071 0.0416 4.1687 - 0.0011
cP3 DMSO: 6.0000 105.6697 0.0095 - 6.0000 100.2102 0.0100 -
@and § D- y . . . 5.5699 558.1597 y 0.2287
Xylose
Formic acid . . , y 0.0092 0.9219 - 0.00001
Furfural 0.0217 2.3155 - 0.0117 0.0565 5.6661 - 0.0015
DMSO: 6.0000 106.8252 0.0094 - 6.0000 100.2432 0.0100 -
CP4
« and B D- - . - - 5.0339 504.5981 - 0.2049
Xylose
Formic acid . . . . 0.0178 1.7843 - 0.0002
Furfural 0.0307 3.1280 - 0.0153 0.0807 8.1032 - 0.0021
DMSO: 6.0000 101.7830 0.0098 - 6.0000 100.3797 0.0100 -
CP5
« and B D- . . . , 4.3090 432.5374 . 0.1778
Xylose
Formic acid . . . . 0.0405 4.0654 - 0.0005
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Figure B-1: 1H-NMR-spectra of the organic and aqueous phases for experiment 1.
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Figure B-2: 'H-NMR-spectra of the organic and aqueous phases for experiment 2a.
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Figure B-3: 'H-NMR-spectra of the organic and aqueous phases for experiment 2b.
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Figure B-4: 'H-NMR-spectra of the organic and aqueous phases for experiment 3.
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Figure B-5: '"H-NMR-spectra of the organic and aqueous phases for experiment 4.
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Figure B-6: 'H-NMR-spectra of the organic and aqueous phases for experiment 5.
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Figure B-7: 'H-NMR-spectra of the organic and aqueous phases for experiment 6a.
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Figure B-8: 'H-NMR-spectra of the organic and aqueous phases for experiment 6b.
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Figure B-9: 'H-NMR-spectra of the organic and aqueous phases for experiment 7.
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Figure B-10: ' H-NMR-spectra of the organic and aqueous phases for experiment 8.
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Figure B-11: 'H-NMR-spectra of the organic and aqueous phases for experiment 9.
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Figure B-12: 'H-NMR-spectra of the organic and aqueous phases for experiment 10.
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Figure B-13: 'H-NMR-spectra of the organic and aqueous phases for experiment 11.
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Figure B-14: ' H-NMR-spectra of the organic and aqueous phases for experiment 12a.
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Figure B-15: 'H-NMR-spectra of the organic and aqueous phases for experiment 12b.
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Figure B-16: ' H-NMR-spectra of the organic and aqueous phases for experiment 12c.
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Figure B-17: 'H-NMR-spectra of the organic and aqueous phases for experiment 13.
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Figure B-18: 'H-NMR-spectra of the organic and aqueous phases for experiment 14a.
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Figure B-19: 'H-NMR-spectra of the organic and aqueous phases for experiment 14b.
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Figure B-20: 'H-NMR-spectra of the organic and aqueous phases for experiment 15.
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Figure B-21: 'H-NMR-spectra of the organic and aqueous phases for experiment 16.
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Figure B-22: ' H-NMR-spectra of the organic and aqueous phases for experiment CPI.
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Figure B-23: 'H-NMR-spectra of the organic and aqueous phases for experiment CP2.
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Figure B-24: ' H-NMR-spectra of the organic and aqueous phases for experiment CP3.
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Figure B-25: ' H-NMR-spectra of the organic and aqueous phases for experiment CP4.
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Figure B-26: ' H-NMR-spectra of the organic and aqueous phases for experiment CP3.
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APPENDIX C — RAW DATA FROM THE FIRST EXPERIMENTAL DESIGN

Table C-1: Raw data for FFDI with added masses of substrate and catalyst for each experiment.

Experiment Temperature Time Org/Aq Substrate Catalyst

# [°Cl [min] [v/v] [g] [g]
2 200 30 1:4 0.1253 0.0127
13 150 30 4:1 0.3753 0.0374
14 200 30 4:1 0.3743 0.0125
11 150 90 1:4 0.3751 0.0375

CP1 175 60 1:1 0.2499 0.0249
7 150 90 4:1 0.1252 0.0371
21 150 30 1:4 0.1252 0.0121
16a 200 90 4:1 0.3752 0.0373
12 200 90 1:4 0.3752 0.0126

16b 200 90 1:4 0.3753 0.0373
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Table C-2: Integration values, predicted concentrations and calculated yields for all experiments from FFDI.

Organic phase Aqueous phase
Conc. Yield Conc. Yield
Exp # Compound Protons Integral Factor Integral Factor
P P & [mM] lg] s [mM] lg]
Furfural 1 0.0218 2.2548 - 0.0041 | 0.0628 6.5469 - 0.0027
2 DMSO: 6 6.0000 103.4300  0.0096 y 6.0000 104,2500 0.0096 -
aand f D- 2 8 - - - 1.6930 174,7304 - 0.1124
Xylose
Furfural 1 0.0399 4.1275 - 0.0322 | 0.0401 4,1275 - 0.0005
13 DMSO: 6 6.0000 101.4800  0.0098 . 6.0000 102.5000 0.0097 y
a@and § D- 2 - . - y 16.1998 1676.8414 - 0.3040
Xylose
Furfural 1 0.0684 6.9109 - 0.0530 | 0.1601 15.2334 - 0.0015
14 DMSO: 6 6.0000 101.25 0.0099 y 6.0000 96.2000 0.0105 -
a@and § D- 2 - . - y 11.4589 1090.3066 - 0.1689
Xylose
Furfural 1 0.0346 3.5601 - 0.0066 | 0.0937 9.5589 - 0.0041
11 DMSO: 6 6.0000 103.25 0.0097 . 6.0000 101.6200 0.0098 y
aand f D- 2 8 - - - 53093 537,1372 - 0.3599
Xylose
Furfural 1 0.0605 6.3515 y 0.0296 | 0.1726 16.9047 y 0.0045
cpl1 DMSO: 6 6.0000 105.38 0.0095 . 6.0000 95.6800 0.0105 y
aand f D- 2 . - . . 3.2889 314.2904 . 0.1300
Xylose
Furfural 1 0.0262 2.7159 y 0.0217 | 0.0432 4.2966 y 0.0004
7 DMSO: 6 6.0000 103.56 0.0096 . 6.0000 96.48 0.0104 y
aand f D- 2 . - . . 4.4081 425.2935 . 0.0596
Xylose
Furfural 1 0.0022 0.2375 - 0.0004 | 0.0055 0.5854 - 0.0002
21 DMSO: 6 6.0000 106.73 0.0094 . 6.0000 105.9600 0.0094 y
@and  D- 2 - . - y 1.8860 195.6551 - 0.1274
Xylose
Furfural 1 0.1139 11.4609 y 0.0821 | 0.3979 42,1112 y 0.0016
16a DMSO: 6 6.0000 100.60 0.0099 . 6.0000 93.11 0.0107 y
@and § D- 2 y . y . 0.0000 0.0000 y 0.0000
Xylose
Furfural 1 0.2946 29.6317 y 0.0495 | 0.8822 93.4779 y 0.0369
12 DMSO: 6 6.0000 103.92 0.0096 . 6.0000 97.6900 0.0102 y
@and § D- 2 y . y . 13312 130.4044 y 0.0803
Xylose
Furfural 1 0.1123 11.2949 y 0.0798 | 0.3799 40.2489 y 0.0015
16b DMSO: 6 6.0000 103.16 0.0099 . 6.0000 103.3400 0.0107 y
aand f D- 2 . , . . 0.0000 0.0000 . 0.0000
Xylose
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Figure C-1: 'H-NMR-spectra of the organic and aqueous phases for experiment 2.
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Figure C-2: 'H-NMR-spectra of the organic and aqueous phases for experiment 13.
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Figure C-3: 'H-NMR-spectra of the organic and aqueous phases for experiment 14.
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Figure C-4: 'H-NMR-spectra of the organic and aqueous phases for experiment 11.

186



2021.03.05-Center point 1 aq.11.fid
r2
r2
X 1 PR T | ﬂ ”
2021.03.05-Center point 1 org.11.fid
rl
rl
A \_
A
T
T T T T T T T T T T T T T T T T T T T T —r/
0.0 95 90 85 80 75 70 65 60 55 50 45 40 35 3.0 25 20 15 1.0 0.5 0.0
f1 (ppm)
Figure C-5: 'H-NMR-spectra of the organic and aqueous phases for CPI.
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Figure C-6: 'H-NMR-spectra of the organic and aqueous phases for experiment 7.
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Figure C-7: 'H-NMR-spectra of the organic and aqueous phases for experiment 21.
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Figure C-8: 'H-NMR-spectra of the organic and aqueous phases for experiment I6a.

188




2021.03.11-Exp 12 aq phase.11.fid
,2 72
PR A e W | L ‘
2021.03.11-Exp 12 org extract.11.fid
F1
1
A A [ 1.
T
100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00
f1 (ppm)
Figure C-9: 'H-NMR-spectra of the organic and aqueous phases for experiment 12.
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Figure C-10: 'H-NMR-spectra of the organic and aqueous phases for experiment 16b.
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APPENDIX D — RAW DATA — HPLC, GC-MS

Tabell D-1: Peak areas used when making the calibration curve for HPLC .

Concentration [ug/mL] Parallel Area
25.40 1 2638.55
25.40 2 2633.94
25.40 3 262891

x 2633.80
s 4.82
224.95 1 23031.96
22495 2 23022.67
224.95 3 22976.06
x 23010.23
s 29.95
424.26 1 42742.34
424.26 2 42813.43
424.26 3 42708.82
x 42754.86
s 53.41
621.10 1 61395.18
621.10 2 61411.35
621.10 3 61285.44
X 61363.99
s 68.51
821.51 1 78675.95
821.51 2 78814.92
821.51 3 78696.74
x 78729.20
s 74.96
1009.05 1 101388.35
1009.05 2 101549.74
1009.05 3 101495.93
X 101478.01
s 82.18

*Samples were analyzed in triplicates in order to enable calculation of average peak area (¥) and standard deviation (s). The

average peak area for each calibration solution was used when creating the calibration curve.
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Concentration vs. peak area
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Figure D-1: Concentration of the six standard solutions used to make the calibration curve for HPLC vs measured peak area

for the three parallels. As is evident, the peak areas were highly reproducible between parallels.
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Figure D-2: Stacked chromatograms for the six standard solutions used to make the calibration curve for FUR.
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Tabell D-2: Peak areas for FUR, HD and CH used when making the calibration curve for GC-MS.

Concentration
Sample # Parallel Area FUR Area HD Area CH
[ng/mlL]

1 4828055 121126071 64995966

1 9.90
2 3803690 96481297 53969548
1 13674531 115197633 62477969

2 20.00
2 10388454 95408767 50719419
1 20287942 107149077 62433022

3 30.80
2 17589817 94178208 56920087
1 27905432 104530050 56471855

4 37.50
2 23189407 97903071 49860413
1 34737057 100428848 59780264

5 50.10
2 31139391 91583304 51519227

Peak areas for furfural, hexadecane and chlorohexane
29,9 m20 =30,8 m37,5 m50,1

140000000
120000000

100000000
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Figure D-3: Measured peak area vs. actual concentration for the five standard solutions containing FUR, hexadecane and

chlorohexane used to make the calibration curve for GC-MS.

As is evident from Figure D-3, the peak areas were not reproducible between parallels.
However, a pattern of decreasing peak intensity for all three compounds was observed between

the two parallels.
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Figure D-4: Chromatograms for the five standard solutions used for construction of the calibration curves (parallel 1). The

retention times for FUR, chlorohexane and hexadecane were 6.76, 7,39 and 26.20 min, respectively.
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Figure D-5: Chromatograms for the five standard solutions used for constructing the calibration curves (parallel 2).
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Table D-3: Temperature program used for GC-MS analysis when MIBK was used as extraction solvent.

Solvent Rate Temperature Hold Time Run time
delay [min] [°C] [min] [min]
Initial 6 5 5
Ramp 1 6 0 45
Ramp 2 40 5 50.5
Retention time FUR and HMF were 6.8-7.0 min and 18.4-18.6 min, respectively
Table D-4: Temperature program used for GC-MS analysis of samples containing GVL.
Solvent
Rate Temperature Hold Time Run time
delay
[°C] [°C] [min] [min]
[min]
Run 1 Initial 6 - 40 5 5
(pre GVL) Ramp 1 - 6 64 0 9
Run 2 Initial 12 - 40 5 5
(post GVL) Ramp 1 - 6 190 0 30

FUR eluted between 6.8-7.0 min in run 1 and HMF eluted between 18.4-18.6 min in run 2.
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APPENDIX E — PHYSICOCHEMICAL PROPERTIES OF CENTRAL COMPOUNDS

Table E-1: Physical and chemical properties of FUR. Adapted from (Sigma-Aldrich, 2020).

Property Value
Chemical formula CsH4O2
Structure /O
.0
CAS 98-01-1
Appearance® Clear, viscous fluid

Molar mass [g mol!] 96.082
Relative density [g mL']? 1.16
Refractive index [n20/D] 1.53
Melting point [°C] -36
Flash point [°C] 61.7
Boiling point [°C] 162
Autoignition temperature [°C] 315
Enthalpy of vaporization (AH,q),)[KJ mol ] 44.7
Enthalpy of fusion (AH)[KJ mol] 14.4
Solubility in water at 20 °C (g 100 ml™! water) 83

Dielectric constant (&)* 41.799
LDso (Rat/Oral) [mg kg™ 127

LDso (Rabbit/Dermal [mg kg™ >2000

Vapor pressure 18.0 hPa at 55 °C
2.3 hPaat 20 °C

*Measured at 25°C
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Table E-2: Physical and chemical properties of HMF. Adapted from (Sigma-Aldrich, 2020).

Property Value
Chemical formula CsHeO3
Structure NG \ O/
OH
CAS 67-47-0
Appearance® White solid
Molar mass [g mol™] 126.11
Relative density [g mL']? 1,243?
Refractive index [n20/D] 1.562
Melting point [°C] 28-34
Flash point [°C] 79
Boiling point [°C] 114-116
Autoignition temperature [°C] n/a
Enthalpy of vaporization (AH,qp,)[KJ mol '] 83,4
Enthalpy of fusion (AHp,s)[KJ mol] 19,8
LDso (Rat/Oral) [mg kg™'] 2500

*Measured at 25°C

Table E-3: Physical and chemical properties of MIBK. Adapted from (Sigma-Aldrich, 2020).

Property Value
Chemical formula CeH120
Structure )\)?\
CAS 108-10-1
Appearance® Colorless liquid
Molar mass [g mol™] 100.16
Relative density [g mL1]? 0.801°
Refractive index [n20/D] 1.395°
Melting point [°C] -84.7
Flash point [°C] 14.0
Boiling point [°C] 117-118
Azeotrope boiling point with water [°C] 87.9
MIBK content azeotrope with water [wt%] 75.7
Vapor pressure [kPa] 2.13°
LDso (Rat/Oral) [mg kg 2080

aMeasured at 25 °C, "Measured at 20 °C
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Table E-4: Physical and chemical properties of GVL. Adapted from (Sigma-Aldrich, 2020).

Property Value
Chemical formula CsHsO2
Structure \C/‘V/O
CAS 108-29-2
Appearance®

Molar mass [g mol™]
Relative density [g mL™]?
Refractive index [n20/D]
Melting point [°C]
Flash point [°C]
Boiling point [°C]
Vapor pressure [kPa]

LDso (Rat/Oral) [mg kg™
aMeasured at 20 °C, ®Measured at 25 °C

Clear, colorless liquid
100.116
1.0546
1.43332

-31
96
207-208
0.65 (25 °C)
8800
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APPENDIX F — SECOND PROCEDURAL BLANK GC-MS

A second procedural blank was prepared for GC-MS in order to control the results obtained

from the first procedural blank. Two samples diluted 200 and 400 times were prepared and

analyzed in duplicates to see how concentration affected analytical accuracy and precision.

Table F-1: Raw-data from the second procedural blank for GC-MS.

Sample diluted 400 times

Deviation
Area Area
parallels Average
Parallel 1 Parallel 2
[Yo]
FUR 18702776 16649121 -11.0 17675948
HD 128431806 149522987 16.4 138977397
CH 54478811 56871501 4.4 55675156
FUR/HD ratio 0.1456 0.1113 -23.6 0.128
FUR/CH ratio 0.3433 0.2927 -14.7 0.318
Sample diluted 200 times
Deviation
Area Area
parallels Average
Parallel 1 Parallel 2
[Yo]
FUR 43197473 44624704 33 43911088
HD 150077475 151151858 0.7 150614672
CH 57708543 59398931 2.9 58553737
FUR/HD ratio 0.288 0.306 6.3 0.297
FUR/CH ratio 0.749 0.776 2.3 0.760

FUR = Furfural, HD = Hexadecane, CH = 1-Chlorohexane
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Chromatographic peak areas
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Figure F-1: Chromatographic peak areas for parallel 1 and 2.

In Figure F-1, two samples diluted 1/400 and 1/200 relative to the original concentration were
analyzed twice (parallel 1 and 2). A clear systematic trend in terms of relative peak area can be
observed between parallel 1 and 2. Hence, the relative peak area between FUR/IS was used

when constructing the calibration curves used for the quantification using GC-MS.

Table F-2: Comparison of predicted FUR yields including percentage deviation (actual vs. predicted) using different
quantification procedures (relative peak area between FUR and IS and calibration curves). The mass of FUR added to the

procedural blank was 0.0490 g.

MFUR Deviation MFUR Deviation
(1/200) (1/200) (1/400) (1/400)
(actual vs. predicted) (actual vs. predicted)

[gl [%6] [gl [%6]

f’(FUR/HD ratio) 0.0104 -78.8 0.0091 -81.4

7(FUR/CH ratio) 0.0314 -35.9 0.0266 -45.7

Y (Ave. Lin. reg. FUR/HD) 0.0386 -21.2 0.0387 -21.0
}/)(Avg Lin. reg. FUR/CH) 0.0538 9.8 0.0505 3.1

¥ = predicted yield, CH = chlorohexane, HD = hexadecane, FUR = furfural
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Comparison of quantification methods for GC-MS
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Figure F-2: Actual vs predicted mass of FUR from the procedural blank by comparing relative chromatographic peak areas
(ratio FUR/HD/CH) and calibration curves as quantification tools.

When comparing the results obtained from the relative peak areas between FUR and the two
internal standards (Table F-2, Figure F-2) with the actual mass of FUR added to the procedural
blank (0.0490g) it is evident that both HD (0.0091-0.0104 g) and CH (0.0266-0.0314g) under-
estimated the amount of FUR present in the sample. In fact, the average deviation for HD and
CH were -80.1% and -40.8%, respectively. Each sample was analyzed in duplicates, so no
standard deviation was calculated for the predicted yields. However, the results presented above
suggests that peak area ratios between FUR and internal standards cannot be used for accurate
quantification of FUR. These results coincide with the previously discussed procedural blank

and literature findings.

To further examine the possibility of using GC-MS for accurate quantification of FUR, the
calibration curves were used to calculate the predicted mass of FUR present in the same
procedural blank. When utilizing the calibration curves for hexadecane and chlorohexane in
Figure 5-1 to calculate the predicted mass of FUR present in the procedural blank, one can see
that CH predicts a higher mass compared to HD, which coincides with the results obtained

using area ratios and for the previously discussed procedural blank. The linear regression model
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for HD under-estimated the mass of FUR present in the sample by 21.1%, while the model for
CH over-estimated the mass of FUR present in the sample by 6.5%.

To further test GC-MS as quantification tool, the response factor for FUR (Fgyr) using HD and

CH as IS were calculated using the following equation:

F, = 4da x Mus (Eq. AL.1)

Ars mgq

Where a denotes desired compound (FUR), F, is the response factor for the desired compound,
A is the chromatographic peak area, IS is the internal standard and m is mass. When computing
the predicted mass of FUR present in the procedural blank, equation F.la is solved for ms,

which yields the following expression:

Aq mis

m, = 22 x 1S (Eq. A1.2)

Ars Fa

Frr was calculated for the five calibration solutions using Eq. Al.l to see whether a
reproducible response factor could be generated and used to accurately predict the mass of FUR
present in the organic phase. However, the response factors proved to be highly dependent on
both type of IS and the concentration of FUR in the sample (Figure F-3). The calculated Ffur
varied between 3.1 — 5.3 and 6.5 — 11.3 for HD and CH, respectively. These results show that
response factors can not be used as a reliable quantification tool to predict the mass of FUR in

samples where the concentration of FUR is unknown.

Response Factors

—_ =
L O N

e

0 10 20 30 40 50 60
Furfural concentration [pg/mL]

Response factor, F
(@)

—e— F(fur) (IS=HD) F(fur) (IS=CH)

Figure F-3: Calculated response factors for the five calibration solutions.
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These results also support the previously discussed findings in chapter 5.1, i.e., that area ratios
between FUR/IS, calibration curves, and response factors in combination with GC-MS are
inadequate tools for accurate quantification of FUR for the organic phases obtained over the

course of this thesis.
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APPENDIX G — STACKED NMR SPECTRA OF REPLICATES
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f1 (ppm)

Figure G-1: Stacked 'H-NMR spectra of the organic phases from experiment 14a and 14b.
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Figure G-2: Stacked 'H-NMR spectra of the aqueous phases from experiment 14a and 14b.
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Figure G-3: Stacked 'H-NMR spectra of the organic phases from experiment 12a and 12b.
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Figure G-4. Stacked 'H-NMR spectra of the aqueous phases from experiment 12a, 12b, and 12c.
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Figure G-5: Stacked 'H-NMR spectra of the organic phases from experiment 2a and 2b.
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Figure G-6: Stacked 'H-NMR spectra of the aqueous phases from experiment 2a and 2b.

205



Exp 6a, org extract
o
——1:‘ OH \_@:_é-
Lo Formic acid I
Dimethylsulfone (IS)
F2
R
Ll
Exp 6b, org extract
hY o
o
R \\ 8
F1
[SIRS MIBK
Furfurg L1
—
Residual H,0O
j L TSP
A
T
100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00
f1 (ppm)
Figure G-7: stacked 'H-NMR spectra of the organic phases from experiment 6a and 6b.
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Figure G-8: Stacked 'H-NMR spectra of the aqueous phases from experiment 6a and 6b.
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APPENDIX H— NMR SPECTRA F&B REJECTS
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Figure H-1: 'H-NMR spectra of the organic phase from the experiment where cherries were used as substrate.
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Figure H-2: "H-NMR spectra of the aqueous phase firom the experiment where cherries were used as substrate.
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Figure H-3 :'"H-NMR spectra of the organic phase from the experiment where plums were used as substrate.
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Figure H-4 :'H-NMR spectra of the aqueous phase from the experiment where plums were used as substrate.
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Table H-1: Raw data for calculating yields of FUR and HMF.
Organic phase Aqueous phase
Prot Concentration Yield Concentration Yield
Exp Compound Integral Factor Integral Factor
ons [mM] (4] [mM] (4]
Furfural 1 0.0004 0.0362 - 0.00006 0.0016 0.1628 - 0.00007
HMF 1 0.0017 0.1725 - 0.00035 0.0317 3.2797 - 0.00180
DMSO: 6 6.0000 103.5030 0.0097 - 6.0000 103.3528 0.0097 -
Cherry
a and B D-
2 - - - - 0.0197 4.8576 - 0.00317
Xylose
Formic acid 1 - - - - 0.0540 5.5811 - 0.00112
Furfural 1 0.0001 0.0104 - 0.00002 0.0018 0.1810 - 0.00007
HMF 1 0.0003 0.0313 - 0.00007 0.0416 4.2992 - 0.00231
Plum DMSO: 6 6.0000 104.4300 0.0096 - 6.0000 103.4300 0.0097 -
a and B D-
2 - - - - 0.0385 3.9821 - 0.00255
Xylose
Formic acid 1 - - - - 0.0053 0.5482 - 0.00011
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APPENDIX I — CALCULATION OF THEORETICAL YIELD FROM D-XYLOSE AND HEMICELLULOSE

Calculation of the theoretical FUR yield obtainable from D-xylose and hemicellulose can be done by
applying some assumptions and simplifications. Starting with Hemicellulose, which is primarily
composed of pentose units and no more than 15% hexose units, the molecular weight of one
hemicellulose unit can be assumed to be roughly 132g/mol. The molecular weight of FUR is ~96g/mol.
This means that from ~132g of hemicellulose, ~96g of FUR can be generated considering 100%
conversion and selectivity. This gives a theoretical FUR yield of 72.7mol% from one hemicellulose unit
(Luo et al., 2017, Sahu and Dhepe, 2012). The same assumptions can be applied when using D-xylose
as a substrate. D-xylose has a molecular weight of ~150g/mol. By applying the same logic as before, a

maximum yield of 64.0mol% can be achieved when using D-xylose as starting material.
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APPENDIX J — INFLUENCE OF EXTRACTION TIME ON CALCULATED FURFURAL YIELD

The organic phase was extracted with water and analyzed at different time intervals after
extraction to see whether extraction time had a significant effect on the calculated FUR yield.
Table J-1 contains the predicted mass of FUR for two experiments that were analyzed using

two different extraction times.

Table J-1: Effect of extraction time on the predicted mass of FUR.

Exp # Parallel # Time beween Predited mass Parallel
extraction and org. phase deviation [%]

analysis [h]

1 1 0.0401

14b 3.5
2 72 0.0421
1 4 0.0975

16 1.7
2 28 0.0992

The organic phase for experiment 14b was analyzed ~1 hour (parallel 1) and ~72 hours
(parallel 2) after extraction. The predicted yield for parallel 1 and 2 was 0.0407g and 0.0421g,
respectively, which corresponds to a 3.4% deviation. The same procedure was repeated for the
organic phase for experiment 16. The extracted organic phase was analyzed ~4h and ~28h after
extraction. The calculated yields for the two parallels were 0.0975 g for parallel 1 and 0.0992¢g
for parallel 2 (1.7% deviation). Consequently, it was concluded that the time interval between
extraction and analysis did not have a significant effect the overall FUR yield as long as

sufficient phase separation was achieved before sample preparation.
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APPENDIX K — ADDITIONAL REACTION SCHEMES AND PICTURES
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Scheme K-1: Initial site of protonation and subsequent degradation products from D-xylose determined by ab initio

molecular dynamics and quantum mechanics modelling. Redrawn from (Rasmussen et al., 2014).

212



Cyclic mechanisms directly Acyclic mechanism via
to HMF or via fructose fructose isomerization
isomerization

2-OH protonation Glucose 0O-pyranose protonation

CH,0H CH,OH / T © CH,OH 4

o] o: H 0@
OH OH = OH OH OH > o%H
ol “o s oH OR

OH l OH

_

I\/HQO © — _
CH,OH H.OH
CHOH
o)

OH Z l OH OH
Fructose
H;0 CH,OH
HOH,C o HOH,C 0. CH,OH OH
HOH,C o > OO > 2 OH ( on
" GHZ0H OH i OHOH |,
OH OH OH OH o’
OH . ® OH oH
on 7

HOH,C o
®
O OH " Home CH,OH
OH o HOH,C o - o OH
e — C/ —
=0
o

&J 2H,0 OH OH

I\ H,0

5-HMF

® ®
H ® H
o H HOH,C o. ° HOH.C _o_ oM
Ho/\f}’\ HOH,C 0. 2 2 o o
W Y% # > » L 2 ( ¢ =0
HyO OH OH o

—

—
o
o)

Scheme K-2: Possible synthetic pathways to HMF from glucose via fructose (cyclic and acyclic isomerization) and direct

acyclic non-fructose isomerized mechanism. Redrawn from (Rasmussen et al., 2014).
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Scheme K-3: Initial site of protonation and subsequent degradation products from glucose determined by ab initio molecular

dynamics and quantum mechanics modelling. Redrawn from (Rasmussen et al., 2014).
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Scheme K-4. Transformational pathways to fuel-range alkanes and fuel additives from FUR and HMF derived from LCB
Redrawn and adapted from (Climent et al., 2014).
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Scheme K-5: Simultaneous production of FUR and HMF from LCB. Redrawn and adapted from (Mittal et al., 2020).
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Scheme K-6: Pictures of a Series 4700, 316 Stainless steel batch Parr reactor (22mL) with a polyphenylene lining. The

picture to the left shows the different reactor parts when the reactor is disassembled.
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Figure K-7: Pictures of different experimental steps.
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