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Abstract 

Biomass can be used as a renewable energy source to reduce the over-reliance on fossil fuels. 

Lignocellulose, which is non-edible and the most abundant biomass in the world, comprises two 

carbohydrate polymers (cellulose and hemicellulose) and one aromatic polymer (lignin). This thesis 

examines work done to convert lignocellulose biomass to liquid fuels and solvents that are currently derived 

from fossil fuels.  

The work is mainly divided into two sections. In the first section, the attempts to make 

transportation fuel range alkanes (C8-C22) using hydroxymethylfurfural (HMF) oligomers are described. 

The second section of the thesis explains the attempts to synthesize cyclohexyl methyl ether mixture from 

lignin to replace fossil fuel derived solvents. 

Under acidic conditions, HMF, a compound obtained by processing carbohydrate polymers, 

polymerizes to form an insoluble polymer called humin. In this work, oligomerization of HMF has been 

used as an opportunity to increase the carbon chain length of HMF. Simultaneous oligomerization and 

hydrodeoxygenation of HMF were shown to make long-chain alkanes (>C9). Completion of 

hydrodeoxygenation was confirmed by 1H NMR spectroscopy. According to mass spectroscopy, long chain 

alkanes up to about 600 m/z were present. Alkanes from C9-C18 were analyzed by GC-MS. Different 

straight, branched, and cyclic alkanes with C10-C12 were observed. From these n-dodecane had the highest 

concentration. Most of the major peaks were consistent with the alkanes obtained through dimers from 

oligomerization and self-condensation reactions of HMF. 

A mixture of cyclohexyl methyl ethers was prepared from Kraft lignin pyrolysis oil for use as a 

biomass-derived aliphatic solvent. Using Kamlet–Taft solvatochromic parameters, it was determined that 

the solvent mixture is somewhat more basic and polar than cyclopentyl methyl ether. Neither the biomass- 

derived solvent nor pure cyclohexyl methyl ether formed any detectable peroxides in 12 weeks of exposure 

to air, even though THF forms peroxides rapidly under such conditions. This mixture can be used as a 
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biomass-derived aliphatic ether solvent and as a potential replacement for THF, dioxane, ethyl acetate, 

acetone and 2-butanone.  
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Statement to the public  

In the past few decades, global warming has caused not only higher temperatures but also more 

frequent extreme weather. Glaciers are melting, the seawater level is rising, wildfire seasons and severe 

droughts are lasting months longer. Many scientists blame excessive fossil fuel combustion as the reason 

behind this. Today’s economy is built on fossil fuels. Most of the things that we use in our daily lives are 

made from fossil fuels. Moreover, the amount of fossil fuels in the world is limited, and we are already 

experiencing a decline. It is crucial to find a replacement that is greener and can be sustainable rather than 

at risk of depletion. One potential solution is to use plant materials such as wood, grass, bagasse, and straw, 

collectively called biomass. However, compared to fossil fuels, it is more difficult to process biomass using 

current technologies. Therefore, more research is needed to make biomass an economical and efficient 

replacement.  

Energy is one of the main things that we obtain from fossil fuels. These include fuels for cooking, 

machines, and vehicles. Up until 1900, most of the energy was obtained from biomass by burning wood. 

But this is neither an efficient way to make energy in today’s world, nor is it acceptable in terms of pollution. 

Some research has been performed in making greener fuels from biomass, but more work is needed. 

In the first part of my project, I explored a new method to make transportation fuel using HMF. 

HMF is a chemical obtained from biomass that is used to make fuels. However, HMF only has 6 carbon 

atoms per molecule, and transportation fuels such as diesel and jet fuel require 8-22 carbons. To fix this 

problem, some researchers combine HMF with a fossil fuel-derived molecule to achieve the required 

number of carbons but that is unsatisfactory if we want to avoid using fossil fuels. Another limitation of 

HMF is that it is not stable. It tends to react with other HMF molecules to form larger molecules, rapidly 

leading to an intractable solid material called humin. In my project, I used this tendency as an opportunity 

rather than a limitation. I was able to prove that it is possible to make transportation fuel by carefully 

controlling this process.  
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Other than fuels, many other consumer products are fossil fuel derived. These include plastics, 

cloths, cosmetics, medicine, paints and lubricants. Solvents are a major component in all these products 

either during the manufacturing process or the final formulation. Solvents derived from renewable and 

green resources could be more sustainable and drastically decrease the environmental impact. Products and 

processes require solvents with different properties. One type of commonly used solvent is aliphatic ethers. 

These solvents are heavily used paints, lubricants, and inks. In the second part of the project, I successfully 

synthesized aliphatic ether solvents from lignin pyrolysis oil which is a waste produced when converting 

wood to make paper. 

Completely replacing fossil fuels with a greener renewable resource is not a goal that can be 

achieved in the near future. A lot of work, research and education is needed for us to get there. I believe 

this thesis provides two important steps towards reaching that goal.  
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Chapter 1 

Introduction 

Fossil fuels are a non-renewable and depleting source. However, the demand for fossil 

sources has been rising since the Industrial Revolution in Europe. The most common types of fossil 

fuels are natural gas, crude oil and coal.1 Currently, fossil fuels make up 80% of the global energy 

supply.2 It is expected that the energy market will continue to depend on fossil fuels for at least the 

next few decades.3  

Excessive fossil fuel use is causing not only depletion of the resources but also significant 

environmental impacts. During the fossil fuel extraction, refining and consumption processes, 

many hazardous substances are released into the environment, which drive climate change and 

negatively affect human health. Moreover, the supply of readily accessible fossil fuels will run out 

in the future and the remaining difficult-to-access fossil fuel reserves will be increasingly expensive 

to use. Therefore, there is a growing interest in finding greener renewable energy sources.  

When looking at replacements for fossil fuels, long-term and short-term solutions need to 

be explored. Short-term solutions should be drop-in replacements, which means the replacement 

should have the same properties as the source being replaced and be usable with existing equipment 

and infrastructure. This eliminates the need to change current infrastructure, machines, and engines. 

For example, replacement fuels for aircraft need to have the same properties as the jet fuels 

currently being used (i.e. they should consist of C8-C15 alkanes and should contain additives such 

as corrosion inhibitors and antioxidants). This drop-in limitation does not exist for the long-term 

replacements because the infrastructure, machines, and engines could change. For example, future 

aircraft might fly using solar-powered batteries. Research on both long term and short-term 

replacements is necessary.  
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Energy sources and energy carriers are important but distinct concepts. Energy sources, 

which are also called primary energy forms, are found in the natural environment. Energy carriers 

are the materials or equipment that humans use in order to store and transport energy to the site 

where it is needed. The value of an energy source is determined by its availability, renewability, 

abundance, greenness, and conversion or ability to transfer energy to energy carriers. The value of 

an energy carrier is determined by energy density, ease of transportation, ease of storage, and 

environmental impact during usage.  

Renewable energy sources such as solar energy, hydro energy and biomass are naturally 

replenished and not exhaustible. Moreover, renewable energy sources typically cause less 

pollution, lower GHG emissions and lower environmental impacts.4 

Biomass is the mass of living organisms, including plants, animals and microorganisms. It 

can be used as a primary energy source or converted into an energy carrier. It is abundant and 

generates less greenhouse gas than fossil fuels. Biomass can be converted liquid fuels such as jet 

fuel, diesel and gasoline with high energy density, which are easy to store and transport. 

Furthermore, biomass can be converted to solvents and other value-added chemicals such as 

flavorings and pharmaceuticals. Among the many different biomass sources, lignocellulose has 

critical importance because it the most abundant, nonedible (eliminates the direct competition 

between food vs fuel).5 Moreover, lignocellulose is the most abundant biomass and has a high land-

use efficiency.6   

In this project, short-term replacements for fossil fuels were explored. The research project 

aimed to utilize lignocellulose biomass feedstock to make fuels and solvents that are currently 

derived from fossil fuels. Lignocellulose is composed mainly of two carbohydrate polymers, 

cellulose, and hemicellulose and one aromatic polymer, lignin. Platform molecules such as 

hydroxymethylfurfural (HMF), furfural, and levulinic acid can be obtained by processing cellulose 

and hemicellulose polymers. Many different single ring aromatic compounds such as phenols, 
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guaiacols, catechol and cresols can be extracted from depolymerized lignin polymer (lignin 

pyrolysis oil).  

Chapter 2 discusses the literature on lignocellulose biomass depolymerization, conversion 

of depolymerized cellulose and hemicellulose to HMF, attempts to convert the HMF transportation 

fuel range oxygenates and methods of extracting single ring aromatic compounds from lignin 

pyrolysis oil. 

Chapter 3 examines methods to make transportation fuel range alkanes (C8-C22) from 

HMF, a key platform molecule obtained from cellulose, as a potential replacement saturated 

hydrocarbon for crude oil. HMF is not a stable molecule, and it tends to oligomerize/ polymerize 

to form insoluble polymer called humin. In my project, ways of making transportation fuel-range 

alkanes from HMF oligomers were explored. Out work shows how using HMF oligomers 

eliminates the need to react HMF with petroleum derived chemicals, such as acetone, to increase 

the number of carbons, which is commonly attempted in prior work.  

Chapter 4 examines the conversion of lignin pyrolysis oil to into a mixture of cyclohexyl 

methyl ethers as a substitute for petroleum derived aliphatic ether solvents. The new solvent’s 

properties and the risk of peroxide formation were explored. This aliphatic ether mixture can 

potentially be used instead of petroleum derived solvents in applications and formulations where a 

pure single-compound solvent is not required. Paint strippers, inks, and cleaning solvents are few 

examples of such applications.  

Chapter 5 summarizes the research project and provides recommendations for future areas 

of study, including extracting the HMF oligomers to improve the yield of transportation fuel range 

alkanes and using lignin oil methyl ethers (LOME) mixture as a replacement for paint strippers. 
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Chapter 2 

Literature Review 

2.1 The need for sustainable energy sources  

Energy is crucial for every aspect of human life.  Worldwide energy consumption has been 

increasing due to population growth and industrial development.7 Currently, most of the energy 

required is obtained through petroleum. Heavy use of petroleum has caused rapid depletion of crude 

oil reserves. Petroleum is a non-renewable energy source and available in limited places. Of 20 

major oil producers, 10 of them are already experiencing declining oil reserves.8  

Moreover, fossil fuels such as coal, petroleum, and natural gases are associated with 

negative environmental impacts.8,9,10 The use of fossil fuels is causing environmental change due 

to the release of greenhouse gases such as CO2.
9,11 The transportation sector is the biggest 

contributor to greenhouse gas emissions.12  

Depletion of fossil fuels, the increase in oil prices, and global warming due to greenhouse 

gases have promoted the search for greener, more sustainable energy sources. Recently renewable 

energy sources such as hydroelectricity, solar energy, wind energy, and biomass have received 

considerable attention.8  

2.2 Biomass as an alternative to crude oil 

2.2.1 Opportunities of biomass 

From these alternatives, biomass has received substantial attention for being available  as 

a realistic renewable carbon source.13 Unlike other renewable energy sources, liquid fuels can be 

obtained using biomass. Hence, biofuels offer additional advantages such as easy transportation, 

high energy density, and the ability to be used without extensive modifications to the current 
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engines.14 Moreover, biomass conversion can produce alternatives to petroleum-derived solvents 

and specialty chemicals. 

2.2.2 Key differences between biomass and crude oil 

There are some key differences between biomass and crude oil, which make the production 

of liquid fuels from biomass difficult. Firstly, biomass has a higher O/C ratio compared to crude 

oil. Therefore, steps need to be taken to remove the oxygen and convert biomass compounds to 

hydrocarbons. This deoxygenation is a very unfavorable (highly endothermic) reaction.15 Next, 

unlike crude oil, biomass contains high water content. Typically, the water content in the biomass 

is in the range of 5-35 wt%. However, some biomass feedstocks such as algae can have a water 

content >90 wt%.16 To obtain high-quality products, the water needs to be removed, and it is a very 

energy-intensive process. Furthermore, biomass is in the form of polymers made out of different 

monomers. Therefore, biomass conversion products contain a large number of different 

compounds. Contrary to crude oil, separating biomass-derived compounds is extremely energy-

intensive and costly. Therefore, more research is needed in the biomass conversion sector to make 

the process energy efficient and economical. 

2.2.3 Different sources of biomass  

There are different sources of biomass, each having advantages and disadvantages. 

Commonly used biomass feedstocks include:  

1. Edible feedstocks such as sugars, seeds, and grains – these feedstocks can be processed 

relatively easily. The most well-known industrial application is making ethanol by 

fermenting sugar from crop plants and starch.5 Another example is biodiesel obtained by 

transesterification of vegetable oil.5 However, the viability of these fuels is questionable 

because of the conflict with the food supply.5,17 Moreover, a very small portion of the 

biomass is used to make the fuels, resulting in a low land-use efficiency.5 
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2. Lignocellulose - the main advantage is that lignocellulose feedstocks are non-edible. 

Therefore, eliminates the direct competition between food vs fuel.5 Moreover, 

lignocellulose is the most abundant biomass and has a high land-use efficiency.6  

Lignocellulose feedstock can complete with food crops for land. This problem can be 

avoided when using food crop waste such as bagasse hay and straw as lignocellulose 

feedstocks. However, converting lignocellulose feedstocks to biofuels is more complex and 

requires harsher reaction conditions than edible feedstocks.5 

3. Microorganisms such as algae and fungi – these feedstocks are being explored to overcome 

direct and indirect (land use) conflict with food. However, they may be limited by the 

available sunlight due to seasonal changes.5 

2.3 Lignocellulose biomass 

This project focused on the conversion of lignocellulose to liquid fuels and other chemicals 

that could be alternatives to petroleum derived products.  For that reason, the structure and 

composition of lignocellulose are further explored in the following sections. 

2.3.1 Structure of lignocellulose biomass 

Lignocellulosic biomass is the most abundant renewable biomass in the world. It is 

composed mainly of two carbohydrate polymers, cellulose and hemicellulose and a phenolic 

polymer lignin.6,18 The structure and the quantity of these polymers vary depending on the species 

and the maturity of the cell wall. Generally, lignocellulose contains 35%-50% cellulose, 25%-35% 

hemicellulose, and 10-25% lignin. Proteins, oils and ashes can also be found in small quantities.6 

Cellulose is the major component in the cell wall and it provides mechanical strength and 

chemical stability to the plants.18 The repeating unit of cellulose is the disaccharide cellobiose. 

However, cellulose is commonly considered a glucose polymer because cellobiose consists of two 

glucose molecules (Figure 2.1).6,18 Many properties of the cellulose polymer depend on its degree 
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of polymerization (DP). Usually, 800-10000 of glucose units are found in one cellulose polymer. 

However, it is possible to have up to 17000 units.18 Cellulose is arranged in straight chains due to 

thegeometry of the bond between glucose molecules (-1,4 glycosidic). The straight-chain polymer 

with evenly distributed hydroxyl groups allows the cellulose chains to fused together by hydrogen 

bonds and van der Waals force.  

 

 

Figure 2.1 – Structure of a single cellulose molecule.18 

 

Hemicellulose is the second most abundant polymer in lignocellulose. It is a heteropolymer 

that consists of different pentoses and hexoses such as xylose, arabinose, mannose and glucose 

(Figure 2.2). Hemicellulose polymers possess a broad range of size, shape and mass characteristics. 

However, unlike cellulose, the degree of polymerization does not exceed 200 units.18 Hemicellulose 

provides structural strength to the cell wall by linking cellulose to microfibrils and cross-linking 

with lignin.6 

 

Figure 2.2 – A proposed structure of hemicellulose.19 
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Lignin is a complex aromatic polymer (Figure 2.3). It functions as the cellular glue that 

provides strength to the cell wall and also provides resistance against insects.6 Lignin is mostly 

formed by oxidative coupling of three different building blocks: p-coumaryl alcohol, coniferyl 

alcohol, and sinapyl alcohol (Figure 2.4).18 Higher plants can be divided into two categories: 

softwood and hardwood. Lignin in softwood consists of 90% coniferyl alcohol, and the rest is p-

coumaryl alcohol units. Hardwood lignin is consists of varying ratios of coniferyl and sinapyl 

alcohol units. 18 

 
 

Figure 2.3 – A proposed structure of lignin 
20 

 

 

 

 

 

Figure 2.4 – Dominant building blocks of lignin (adapted from Harmsen et al.).18 
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2.3.2 Lignocellulose pretreatment methods 

The three polymers described above, cellulose, hemicellulose and lignin, are strongly 

interlinked with each other.  One of the main goals of lignocellulose pretreatment is to separate 

these components and increase the accessibility of each component.21,22,23,24 There are several 

criteria to consider when selecting a pretreatment methods, hemicellulose fraction should be 

preserved,  energy requirement should be minimized, and the process should be cost efficient.25 

Pretreatment methods are divided into different categories: mechanical, chemical, physicochemical 

and biological.6,21,22,23 

2.4 Depolymerization cellulose and hemicellulose polymers.  

Cellulose and hemicellulose depolymerization methods can be divided into two categories: 

thermochemical and hydrolysis.  

In thermochemical processing, lignocellulose biomass is treated at high temperature (400 

– 1000 C),26 which destroys of most of the organic matter. Examples of thermochemical treatment 

methods include gasification, pyrolysis and liquefaction. Thermochemical destruction of biomass 

yields upgradable intermediates such as bio-oil by pyrolysis and liquefaction and syngas by 

gasification.27 Thermochemical treatments are typically coupled with other methods such as 

Fischer–Tropsch synthesis to produce fuel range hydrocarbons.27,28 

Compared to thermochemical processing, hydrolysis requires milder conditions (45– 55 

ºC) and higher selectivity can be achieved.29 In hydrolysis, cellulose and hemicellulose portions are 

broken down to C5 (e.g. xylose) and C6 (e.g. glucose) sugars. Typically, this process is either acid 

or enzymatic catalyzed.27,29 These sugars have been fermented using a variety of microorganisms 

to make biofuel alcohols (e.g., ethanol) as a potential replacement for petroleum derived gasoline. 

However, bio-alcohols are not ideal candidates to replace gasoline due to their higher oxygen 

content, volatility, hydrophilicity and lower energy density than gasoline.30,31 5-
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Hydroxymethylfurfural (HMF) has been identified as a key intermediate has been identified to 

make products that would overcome the limitations of bio-alcohols.32,33,34,35,36,37 

2.5 Production of hydroxymethylfurfural (HMF) 

HMF is synthesized by catalytic dehydration of C6 sugars. The dehydration reaction can 

occour either in aqueous or non-aqueous media, usually with catalysts.32,33,38,39 Researchers have 

found that HMF synthesis is more efficient when carried out in non-aqueous media. This could be 

due to the slower conversion of HMF to levulinic acid than in aqueous media.32, 34.  Non-aqueous 

solvents such as acetone, DMSO, n-butanol, diaoxane, polyglycol ether and DMF have been used 

as reaction media to convert C6 sugars to HMF.32,38 Common C6 sugars that have been used for 

HMF synthesis are glucose and fructose.32,41 Fructose is more reactive and efficient at synthesizing 

HMF than glucose under identical conditions.32 The mechanism for the dehydration of C6 sugars 

to HMF is via cyclic intermediates. It involves the sequential elimination of three molecules of 

water.42 The elimination of the first water molecule, which is leads to an enol intermediate, is the 

rate-determining step (Scheme 2.1). Fructose more readily enolyses compared to glucose, and 

hence fructose is a better substrate for HMF synthesis.32,43 However, one of the problems with the 

process is production of carbonaceous by-products called humins through side reactions.44  

 



 

11 

 

 

Scheme 2.1 – Mechanism of fructose dehydration to HMF.32  

2.6 Humins 

2.6.1 Introduction to humins  

Cellulose and hemicellulose components of lignocellulosic biomass can be hydrolyzed to 

form monosaccharides such as glucose (from cellulose and hemicellulose) and xylose (from 

hemicellulose). These can then be dehydrated to form platform molecules hydroxymethylfurfural 

(HMF) and furfural (FF), respectively. HMF and FF can be used as precursors to make many bio-

based fuels, polymers, pharmaceuticals, etc. However, side reactions happen during processes 

involving HMF or FF, creating unwanted by-products called humins (Figure 2.5and Figure 2.6)44 

Humin formation decrease the yields of desired products during the conversion of cellulose 

and hemicellulose, clogs the instruments, and makes separation and purification of the products 

more difficult. Even though the humin formation process is usually acid-catalyzed, humins can 

form hydrothermally (without a catalyst) at higher temperatures and pressures. Therefore, when 

developing methods to convert cellulose, hemicellulose, monosaccharides and platform molecules 

such as HMF to useful products, different strategies are being used to decrease humin formation.  
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Figure 2.5 - Conversion of cellulose and hemicellulose components of lignocellulose to 

hydroxymethylfurfural (HMF) and furfural (FF) and formation of humins as a side reaction 

(adapted from Zandvoort et al.44). In addition to glucose and xylose, hemicellulose contains other 

C6 sugars (mannose and galactose) and C5 sugars (arabinose),45 that are likely to convert to humins. 

These sugars are not shown in the figure, to avoid complexity. 

 

 

Figure 2.6 - Proposed model structures for humin fragments for A) glucose derived humin and B) 

xylose derived humin.44 
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2.6.2 Molecular structure and morphology of humins  

The molecular structure, chemistry, and the morphology (e.g., shape, particle size) of 

humins are not very well established. Generally, humins consist of 55-65 % carbon, 4-5 % 

hydrogen and 30-40 % oxygen.46,47 However, there is disagreement on the exact molecular 

composition. The discrepancies may be due to the fact that humin formation is strongly affected by 

the feedstock and reaction conditions such as temperature, time, acidity and concentration.48 Some 

researchers state that humins have different morphologies when produced from glucose versus 

fructose.44 Other studies indicate that the morphologies of humins derived from hexoses (e.g., 

glucose and fructose) are spherical and interconnected while pentose derived (e.g., xylose) humins 

are spherical, isolated particles.44 Moreover, according to Patil et al.49 glucose and fructose are first 

converted to HMF and then to 2,5-dioxo-6-hydroxy-hexanal (DHH), followed by the 

polymerization to humins.  

2.6.3 Valorization of humins  

The valorization of humins to valuable products has hardly been studied. This is probably 

because of the lack of insights into the mechanism and the molecular structure. Studies available 

in the literature focus on gasification and pyrolysis of humins that require very high temperatures 

(e.g., 400-750 C). Moreover, these studies were not specifically of humins derived from the 

conversion of HMF. However, the results should be very similar to those one would obtain with 

HMF derived humins.  

Hoang et al.50 studied the catalytic gasification of humins derived from glucose. With 

Na2CO3 catalyst, they were able to obtain close to 100% conversion of humins to CO, CO2 and H2 

at 750 C in 30 minutes. 

Rasrendra et al.51 studied pyrolysis and characterization of humins derived from acid-

catalyzed dehydration of C6 sugars at temperatures ranging from 300 to 600 C. The researchers 

observed liquid different types of furanic compounds (furfural, 2-acetyl furan and 5-methyl 
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furfural) as the major products. At higher temperatures (> 400 C), furanics were the main product 

in the liquid phase. However, at higher temperatures, phenolics and benzofuran were also observed. 

They proposed that phenolics were formed from secondary transformations of furanic building 

blocks. 

Agarwal et al.52  reported the liquefaction of humins using catalytic pyrolysis to obtain 

high-value chemicals such as benzene, toluene, xylenes, naphthalene and ethylbenzene. They were 

able to obtain 2 -10 wt% of these aromatics using pyrolysis at 550 C with HZSM-5 (SiO2 /Al2O3 

= 50) catalyst. 

Cheng et al.53 studied the catalytic hydrotreatment of humins derived from acid-catalyzed 

dehydration of fructose. Solid humins were separated using vacuum filtration and 

hydrodeoxygenated using Rh/C catalyst at 400 C for 3 h with 30 bar H2. They obtained 77 % 

humin conversion; 21 % humin oil yield, out of which 11.5 % was detectable gas chromatography 

(GC) detectable. GC detectable products contained various aromatics, phenols, esters, ketones, 

alcohols, alkanes and furans. Moreover, according to the Van Krevelen diagram, humins oil had a 

significantly lower O/C ratio indicating partial deoxygenation during hydrotreatment (Figure 2.7).  

 

Figure 2.7 - Van Krevelen diagram of humin, humins oil and fructose.53 
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2.7 Conversion of HMF to transportation fuel oxygenates 

The HMF molecule does not have a sufficient number of carbons for jet fuel (C8-C15) or 

diesel (C12-C22).54 Therefore, the production of transportation range oxygenates requires either 

the self-condensation of two HMF molecules or the cross condensation of HMF with other 

compatible compounds. In this section, existing approaches to the synthesis of jet or diesel range 

fuel intermediates are examined.  

2.7.1 Aldol condensation of HMF  

Aldol condensation is a well-reported chain lengthening reaction, but HMF is not a 

candidate for self-aldol condensation because it lacks am -hydrogen to form an enolate. However, 

aldol condensation is possible between the aldehyde group of HMF and a ketone such as acetone. 

These C-C coupling reactions are accompanied by dehydration leading to the formation of C=C 

and C=O double bonds. This reaction is either acid- or base-catalyzed. However, the base-catalyzed 

reaction has been more prominently studied.35,37,55,56 Aldol condensation of HMF and acetone 

(Scheme 2.2) produces transportation fuel range oxygenates (C9 via single condensation and C15 

via double condensation), which can  then be hydrodeoxygenated to obtain transportation fuel range 

alkanes.35,37,55,56 

Hydrodeoxygenation (HDO) is the process of removing oxygen from oxygen-containing 

compounds. During the process, hydrogen reacts with an oxygenated compound to produce a more 

deoxygenated product and water (Scheme 2.3).13 HDO is a complex process that involves a 

combination of several different reactions (eg., hydrogenation, decarbonylation/ decarboxylation, 

dehydration, hydrogenolysis of C–O and C–O– C bonds, isomerization, etc.). HDO reactions have 

been typically performed with a supported metal catalyst. A few HDO catalysts used in the 

literature are Pd/C,57 Ru/C,58 Pt/SiO2–Al2O3
59 and Ni/HZSM-5.60 
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Scheme 2.2 – Single and double aldol condensation of HMF and acetone. (i) Formation of single 

condensation product. (ii) Formation of double condensation product.  

 

 

 

Scheme 2.3 – Overall HDO reaction of 4-[5-(Hydroxymethyl)-2-furanyl]-3-butene-2-one.  

 

2.7.2 Etherification and esterification of HMF 

Cross condensation of the alcohol group of HMF with another alcohol or a carboxylic acid 

has been reported in literature to synthesize hydroxymethylfurfural ethers and hydroxymethyl 

furfural esters respectively (Scheme 2.4).32 These condensation products can be blended with 

petroleum derived diesel up to 17% without the need for hydrogenation or hydrodeoxygenation.61 

These condensation products offer high cetane number, good oxidation stability and excellent fuel 

miscibility.32,62,63 
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Scheme 2.4 – Cross condensation of HMF with ethers or carboxylic acid. 

 

2.8 Depolymerization of lignin and extraction of monomers 

2.8.1 Lignin depolymerization 

Using lignin for different applications has been explored. The most common industrial 

application is as a low-grade energy source.64 The value of lignin would be drastically improved if 

lignin were to be used for other applications such as fuel or to obtain value-added chemicals.65 

Depolymerization can enhance the availability of the functional groups, which can favor further 

utilization. 

Pyrolysis is the most widely studied method for lignin depolymerization. In general, 

pyrolysis decomposes organic matter to smaller units by heating in the absence of air.66 The absence 

of oxygen prevents the further conversion of organic matter to CO2. Pyrolysis of lignin is affected 

by several factors such as reaction temperature, heating rate, source of lignin, reaction time and, 

solvent.64,66  

Ferdous et al.67 studied the effect of lignin pyrolysis at different temperatures (27- 800 ºC) 

for three different heating rates (5-15 ºC/min). They observed an increase in lignin conversion as 

the temperature increased. Moreover, at lower temperature (<600 ºC), the conversion is higher at a 
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low heating rate (5 ºC/min), but at a higher temperature (>600 ºC), the conversion is higher at a 

higher heating rate (15 ºC/min).  

Recently researchers have found that adding catalysts and solvents improves the efficiency 

of pyrolysis. For example, adding oxidants or hydrogen donors to the process improved the 

depolymerization by assisting demethylation. As an example, zeolite ZSM-5 with a wide range of 

Si/Al ratio improves the efficiency of depolymerization and increases the yield of monomers.64 

Pyrolysis of lignin produces a mixture of gas, a liquid mixture and a solid. The gas fraction 

is mainly composed of CO, H2, CH4 and CO2.
68 Some of these gasses are combusted to provide 

heat for the pyrolysis process.69 The solid (char) can be used as a fertilizer. The liquid mixture 

contains a wide range of monophenols (phenol, guaiacol, and catechol) and polycyclic aromatics.  

2.8.2 Extraction of monomers from depolymerized lignin 

There are two general strategies for making chemical products from depolymerized lignin. 

First, one can separate individual aromatic components at great expense and sell those compounds 

as specialty chemicals. A historical example of this strategy is the production of vanillin from 

lignin, which is no longer practiced.70 The second strategy is recovering a mixture of compounds 

from depolymerized lignin and using that mixture for a specific application. This is less expensive. 

However, the products can only be used in applications and formulations where a mixture is 

acceptable. A commercial example of this strategy is the production of liquid smoke. Liquid smoke 

is obtained from the condensation of vapor produced during lignin pyrolysis.71 Liquid smoke is 

used as a natural preservative or food additive to obtain the smoke flavor and aroma.71  Over the 

years, several techniques have been developed to separate phenolic compounds from lignin 

pyrolysis oil (LPO) as a mixture.  In this section, a few popular methods will be discussed.   

2.8.2.1 Solvent extraction  

Solvent extraction is a method that has been extensively used. Several research groups have 

separated phenols from LPO using an alkaline solution, mineral acid or DCM.72,73 Mantilla and 
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colleagues74 found that the yield of phenols can be improved by doing a second extraction with 

ethyl acetate followed by DCM extraction. However, solvent extraction requires a large amount of 

organic solvent , which decreases its viability as an option for separating phenols at the industrial 

level.  

2.8.2.2 Steam distillation 

In steam distillation, steam is in direct contact with the material to be distilled. 

Murwanashyaka et al used steam to extract phenols from LPO.75 Saturated steam reduces the 

viscosity of the LPO and facilitates the vaporisation of phenols. Researchers were able to extract 

phenols at 105 ºC, a lower temperature than their normal boiling points.  

2.8.2.3 Molecular distillation  

Molecular distillation is used to distil thermally unstable materials. In molecular 

distillation, the distance between the evaporation surface and condensation surface is less than or 

equal to the mean free path. Molecules that leave the evaporation surface condense before they 

collide with another molecule. Using molecular distillation, phenols can be extracted from LPO at 

a lower temperature (e.g. 70 ºC).76 However, this method requires high vacuum and expensive 

equipment, which makes it cost prohibitive for industrial application.76,77 

2.8.2.4 Supercritical CO2 rectification 

Supercritical fluid extraction (SFE) using CO2 is likely a greener approach to extract 

different components. Using supercritical CO2 as the mobile phase offer advantages such as ease 

of removal of products, low cost, and non-flammability.78 Supercritical fluid  rectification (SFR) is 

a variation of SFE where a column with a temperature gradient is placed after the extractor. Internal 

reflux due to the rectifying column improves the selectivity of some components over others. 

Mudraboyina et al.78 found that  single ring aromatic compounds in LPO can be selectivity 

separated from heavier components using supercritical rectification. 
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2.9 Conclusions 

The field of lignocellulosic biomass conversion has expanded significantly in recent years 

due to the pressure to find greener alternatives to replace crude oil. Even though considerable 

progress has been made, there are still many challenges to overcome to make the process energy 

efficient and economically viable. Finding new methods to convert lignocellulose to transportation 

fuel range alkanes and polar aprotic ether solvents, as will be described in this thesis, are two 

important steps towards decreasing the world’s heavy reliance on fossil resources. 
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Chapter 3 

Towards the synthesis of transportation fuel range alkanes from HMF 

without petroleum derived precursors 

3.1 Introduction  

Although humins can be formed from different feedstocks, for the purpose of the thesis I 

will focus only on the humin formation process from HMF, rather than from glucose, fructose, 

xylose or furfural.  

3.1.1 Proposed mechanisms for the formation of humins from HMF  

Horvat et al. were the first to report acid-catalyzed degradation of HMF.79 The goal of their 

research was to study the conversion of HMF to levulinic acid (LA), which can be used in many 

products. They suggested that LA formation happens through regioselective 4,5-addition of water 

(Scheme 3.1). Regioselective 2,3–addition of water is also possible, which would form 2,5-dioxo-

6-hydroxy-hexanal (DHH). DHH was not identified spectroscopically but was proposed in analogy 

to the conversion of 2-methylfuran to 4-oxopentanal. Moreover, the researchers indicated that DHH 

polymerizes to form humins, but did not identify the steps that contributes to the growth of 

humins.79 The acid-catalyzed degradation pathway of HMF proposed by Horvat et al.79 is shown 

in  Scheme 3.1. 
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Scheme 3.1 - Acid-catalyzed degradation pathway of HMF proposed by Horvat et al.  (adapted 

from Horvat et al.79 and Patil and Lund80). 

 

Patil and Lund studied acid-catalyzed HMF degradation (starting with 0.1 M HMF and 0.1 

M H2SO4) at 118 C, 125 C and 135 C, to determine the humin formation mechanism.80 For their  

kinetic study, they assumed that the acid-catalyzed HMF conversion could be modelled as two 

parallel pseudo-first-order reactions, where one reaction forms LA and formic acid and the other 

forms humins. They were also able to determine that the ratio of LA/formic acid is approximately 

1:1 throughout the reaction. If LA or formic acid were reacting further, the ratio would not stay 1:1 

throughout the reaction. Therefore, they concluded that LA and formic acid do not form humins 

contribute to humin formation   

Patil and Lund proposed that humin formation could proceed by aldol condensation 

between HMF and DHH.80 They said that DHH is not spectroscopically detected because it is a 

very reactive molecule. Therefore, DHH is likely to react as soon as it is formed. If the reaction is 

an aldol condensation, the first dimer should form between DHH and HMF (Figure 3.1). As the 

reaction proceeds, DHH can react with an aldol condensate product with a carbonyl group that can 

further undergo aldol condensation reactions.  
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Patil and Lund predicted that if humins are formed through aldol condensation between 

HMF and DHH, the carbonyl group of HMF will disappear during the process.80 To validate this 

hypothesis, they obtained the IR chromatograms of humins and assigned the peaks using DFT 

calculations. IR chromatograms indicated that humins retained the furan ring and hydroxymethyl 

group of HMF but not the carbonyl group, which was consistent with their prediction. To further 

confirm the mechanism, they studied acid-catalyzed conversion of HMF and benzaldehyde. 

Benzaldehyde alone does not form humin, but when HMF is present, benzaldehyde can be 

incorporated into humin structure. IR spectroscopy shows that the aromatic ring of benzaldehyde 

is present, but the carbonyl group is not. This further confirmed aldol addition/condensation as a 

primary humin growth reaction.  

 

Figure 3.1 - Four possible aldol / aldol condensation dimers of HMF and DHH according to Patil 

and Lund.80 

 

According to Shen et al.81 the key intermediates responsible for humin formation are 

different from  that proposed by Patil and Lund80. Shen et al.81 monitored the chemical reactions of 

HMF in water with an acid catalyst at 20 ºC. After the reaction, water soluble compounds were 

analyzed using HPLC–MS/MS. They said humins are formed through self-etherification of HMF, 

esterification of HMF with formic acid or levulinic acid, aldol condensation of HMF and levulinic 

acid, and acetalization of HMF levulinate (Figure 3.2). 
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Next, they compared the IR spectra of HMF, the water-soluble compounds, and HMF 

derived humins. They assumed that a strong peak in the IR spectra at 1674 cm-1 is from HMF and 

proposed that humins are mainly formed from acetylation and etherification reactions. Therefore, 

aldehyde groups are much less consumed than hydroxyl groups.  

However, I do not find their results to be very convincing. Formation of water-soluble 

compounds during HMF conversion does not guarantee that they will be polymerized to form 

humins. Moreover, because humin is a complex polymer with different carbonyl groups present, 

the strong peak at 1674 cm-1 is difficult to be assigned to the carbonyl group in HMF. Even if these 

water-soluble compounds are not oligomers that polymerize to form humins, hydrodeoxygenation 

of aldol condensation products of HMF and LA (Figure 3.2e), will form transportation fuel range 

alkanes.  
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Figure 3.2 - Structures detected by Shen et al.81 in the liquid phase through HPLC- MS/MS 

during acid degradation of HMF to humins. 

 

Even though the current project focuses on humins derived exclusively from HMF, studies 

of different humins from different sugars provide valuable insights. Zandvoot et al.44 analyzed 

humins derived from glucose, fructose and xylose under standard conditions (1 M sugar, 0.01 M 

H2SO4, 180 C, 6 h). They noticed that acid-catalyzed reactions of fructose yields more humins 

than glucose or xylose (39 wt% vs 30 wt% and 32 wt% respectively) and assumed this is because 

of higher concentrations of HMF in the reaction. They determined that humins formation was the 
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results of consecutive dehydration steps from the sugars via HMF. LA was not largely incorporated 

in humin formation. They concluded that humins are formed from different condensation reactions 

between HMF and sugars.  

James et al.32 proposed several self-condensation reaction routes of HMF that produce 

oxygenates that could form transportation fuel range alkanes (C8-C22) once hydrodeoxygenated. 

These reaction routes include benzoin condensation, hetero Diels–Alder reaction, condensation of 

furfuryl alcohols, hetero Diels–Alder reaction and ketonisation reaction (Figure 3.3). They did not 

mention whether these compounds can further polymerize to form humins. However, whether the 

proposed reactions further polymerize to form humins does not matter for this project as long as 

transportation fuel range alkanes can be formed by hydrodeoxygenating the compounds. 
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Figure 3.3 - Transportation fuel range oxygenates produced via proposed HMF self-condensation 

reactions. (a) Benzoin condensation. (b) Diels–Alder condensation. (c) Acid condensation. (d) 

Tishchenko and ketonisation condensation.32 

 

3.1.2 Hydrodeoxygenation of biomass feedstock 

Hydrodeoxygenation (HDO) of biomass feedstock has been studied extensively. A review 

done by Kim et al.13 explained the catalytic sites responsible for HDO of biomass-derived 

oxygenates and provided a comprehensive summary of current achievements.  

Hydrodeoxygenation of furan rings usually requires vigorous reaction conditions, non-

commercially available catalysts and complex reaction set up. However, adding a Lewis acid to the 

reaction promotes the furan ring-opening, thereby allowing HDO to occur milder conditions. 

Previous studies have shown that Hf(OTf)4 is an effective Lewis acid to assist the ring opening 
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(RO) of the furan ring.82,54 Using a physical mixture of hydrogenation catalyst (Pd/C) and Lewis 

acid (Hf(OTf)4, HDO of biomass-derived furan was achieved at a relatively low temperature.82,54  

Song et al.82 were able to achieve 92 % alkanes yield by HDO of bioderived single ring 

furans (2 mmol) in n-octane with Pd/C (0.1 mmol) metal catalyst and Hf(OTf)4 Lewis acid (0.04 

mmol). The reaction was under 5 MPa of hydrogen pressure with a temperature program (60 C 

maintained for 8 h, then heating to 180 C and held for 20 h). They did not mention humin 

formation, and the mass loss observed (8 %) is likely due to partially deoxygenated compounds. 

They proposed the hydrodeoxygenation mechanism shown in Scheme 3.2. According to Scheme 

3.2, hydrogenation of the furan molecule happens before the RO and hydrodeoxygenation can occur 

at a lower temperature (hydrogenation can happen at 60 ºC but 180 ºC is required for RO and 

deoxygenation). Moreover, according to their mechanism and results, neither decarbonylation nor 

C-C cracking occur during the hydrodeoxygenation. 
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Scheme 3.2 - Proposed mechanism for the hydrodeoxygenation of single ring bioderived furans.82 

Researchers Dutta and Saha54 hydrodeoxygenated furylmethane oxygenates (1.23 mmol) 

to jet and diesel range alkanes over Pd/C (0.1 mmol) metal catalyst and Hf(OTf)4 Lewis acid (0.05 

mmol)  (Scheme 3.3). They obtained 95 % alkane yield, under 5 atm at 225 C in 24 h with a small 

amount of unconverted oxygenated intermediates (2.5%) and minimal C-C cracking. They 

observed 28 % C14H28 through decarbonylation. Moreover, the researchers observed some C-C 

cracking to give alkanes smaller than the expected C14H30. The C-C cracking gave 2 % C11H24, 2.5 

% C10H22, and 1 % C9H20.  The total mol% yield detected for the optimized reaction, including the 

furan ring saturated oxygenated intermediate, was 97 %. According to their proposed mechanism, 

C14H28 was formed by decarbonylation (Scheme 3.3) of an aldehyde group, while shorter alkanes 
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<C14 (5.5 % yield) were observed due to C-C cracking during the hydrodeoxygenation process. 

The cracking happens to oxygenated intermediates, not after the formation of the alkanes. Their 

best run had a mass loss of 3 %, and this could possibly be from undetected oxygenates.  

 

Scheme 3.3 - Possible reaction mechanism for the hydrodeoxygenation of furylmethanes as 

reported by authors Dutta and Saha.54 

 

In my project, hydrodeoxygenation of HMF was done according to the optimized 

conditions described by Dutta and Saha54. This is because of the similarities of the substrates (multi-

ring furan compounds), the relatively simple reaction conditions (batch reactor, single step at 225 

C), the commercial availability of the catalyst and promoter, and the high alkane yield reported 

(97 % yield). 

Dutta and Saha54 synthesized the 4-furylmethane starting materials using a method in the 

literature.83 In a typical HDO experiment 5,5'-(furan-2-ylmethylene)bis(2-methylfuran), Pd/C and 

Hf(OTf)4 were added to a steel par reactor. The reactor was sealed and purged with H2, pressurized 
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and heated to the required temperature. After the reaction, the vessel was cooled and depressurized. 

The solid catalyst was separated by centrifuging and the solvent was analyzed by GC-MS.  

They screened different promoters (Hf(OTf)4, HOTf, HfCl, HfO2, H-BEA-25), reaction 

times (5 h and 24 h) and heating conditions (225 C, 180 C, two-stage heating: 50 °C for 15 h and 

180 °C for 20 h) to find the conditions that give the highest alkane yield and highest selectivity 

towards C15H32. They found that Hf(OTf)4 and 225 C for 24 h gave the best results.  

The exact role of metal triflate as a promoter is not confirmed in the literature. Sutton et 

al.84  found out that ring hydrogenation of furan forms dead end intermediates that cannot be 

hydrodeoxygenated. They therefore suggested that the furan ring opening should happen before the 

hydrogenation.84 However according to Song et al.82, Lewis acid assisted RO occurs after 

hydrogenation of the furan ring. 82 Either way, Hf(OTf)4 performed the best out of all tested Lewis 

acids because it has four strongly electronegative triflate ligands (-OSO3CF3) with 3 fluorine 

atoms. Therefore, the hafnium atom was very electron-deficient and is likely to have a high affinity 

to bind to the nucleophilic oxygen in the furan group.
54

 

Dutta and Saha54
 reported a possible reaction mechanism for the hydrodeoxygenation of 

furylmethanes (Scheme 3.3). According to the proposed mechanism, the furan rings are first 

hydrogenated (6). Then the Hf(OTf)4 forms adducts with the nucleophilic oxygen in the furan ring 

facilitating RO (7). The other two furan rings open, forming hydroxylated intermediates followed 

by hydrogenation to form C15H32. Primary alcohol formed during the RO (7) can undergo 

dehydrogenation on Pd to form 9 followed by RO to form 10. The intermediate 10 can undergo 

decarbonylation and hydrogenation to form C14H2O. The authors also proposed that C-C cracking 

can happen at the tertiary carbon to form intermediates 11 and 12. Then these intermediates can 

undergo hydrogenation to form C10-C11 alkanes. 
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 They found determine that compounds with fewer furan rings have a better selectivity not 

to undergo C-C cracking. Substrates with multiple furan rings tend to undergo multiple C-C 

cracking reactions. Moreover, decarbonylation is favored when there is an unsubstituted furan ring.  

3.1.3 Objective 

In the literature, transportation fuel range alkanes have been synthesized using HMF by 

reacting it with another molecule to increase the number of carbons prior to the HDO. To the best 

of my knowledge, there are no studies available where the researchers tried to modify the oligomers 

as they form during the conversion of HMF to humin. I attempted to hydrodeoxygenate the 

oligomers that form during the process. There were two main goals of this project. 

1. The primary objective was to capture the oligomers that form as HMF degrades 

into humins using hydrodeoxygenation reaction, and thereby produce transportation fuel range 

alkanes (Figure 3.4). Hydrodeoxygenated dimers and trimers will form transportation fuel range 

alkanes. This process needs to target the oligomers and avoid the HMF (starting material) and 

humins (degradation product).  If HMF is hydrodeoxygenated, it will form hexane, which is too 

short for transportation fuel purposes. The solid humin polymer is more difficult to 

hydrodeoxygenate because the heterogeneous catalyst cannot efficiently reach all of the functional 

groups.   

 

Figure 3.4 - Graphical illustration of simultaneous oligomerization/polymerization and HDO of 

HMF that produce transportation fuel range alkanes.  
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2. Obtain a better understanding of the humin formation process – As discussed 

earlier in the chapter, the mechanism of humin formation is not well studied, and the available 

findings are contradictory. The hydrodeoxygenated oligomers should not further polymerize to 

form humins.  Therefore, the goal was to identify the alkanes formed through hydrodeoxygenation 

and thereby shed more light on the key reactions responsible for the humin formation process.  

 

3.2 Methods and materials  

3.2.1 Materials  

HMF (95 %), n-dodecane (>99 %), and n-tetradecane (>99 %) were purchased from Ak 

Scientific. Hf(OTf)4 was purchased from obtained from A2B. 10% Pd/C was purchased from 

Pressure Chemicals Co. Cyclohexane (99 %), levulinic acid (98%), hexanes, d-chloroform, D2O, 

HPLC-methanol, HPLC-hexane (>95 %), hexamethyl benzene, n-hexadecane and alkane standard 

solution (C8-C20) were obtained from MilliporeSigma. n-Decane (99 %) was purchased from Alfa 

Aesar. H2 was purchased from Praxair Inc. Syringe Filters (13 mm Nylon, Non-Sterile, 0. 2µm) 

were purchased from CHROMSPEC. All materials were used as received, without further 

purification.  

Gas chromatography was performed using a PerkinElmer Clarus 680 Gas Chromatograph, 

a Clarus 600T Mass Spectrometer, capillary column Elite-5MS 30 m 0.25 mm 0.25 μm film 

thickness; injector temperature 30 °C; carrier gas helium with a flow rate of 1 mL/min; split flow 

20 ml/min; ion source 150 °C with EI of 70 eV; the MS scan range m/z 50–600. The two GC 

methods used for the analysis as follows. Method 1- The oven temperature was held at 30 C for 2 

minutes and then ramped at 2 °C/min from 30 °C to 80 °C and held for 5 min, and then finally 

ramped at 80 °C/min to 330 °C, with a dwell time of 5 min. MS analysis had a 1 min solvent delay. 

Method 2- The oven temperature was ramped at 2.5 °C/min from 30 °C to 125 °C and held for 1 
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min, then ramped at 20 °C/min and held at 260 °C for 1 min and finally ramped at 20 °C/min to 

320 °C, with a dwell time of 3 min. MS analysis had a 2 mins solvent delay. NMR spectra were 

acquired using a Bruker 400.30 MHz spectrometer. Mass spectra were obtained from an EI-GC 

Time of Flight Mass Spectrometer.  Elemental analysis (EA) was conducted using a a Flash 2000 

CHNS-O analyzer. 

On-line gas chromatography was performed using a Scion 456-GC Chromatograph. There 

were 3 gas supplies to the instrument, two carrier gases: argon (5.0) and hydrogen (5.0) and one air 

supply for the FID detector (zero grade air). All 3 gases were set to 80 psi. The detection was 

performed using TCD #1 detector (detector for stable gases). The 3 ovens were set as follows. The 

middle one was set to 120 °C. The rear oven was set to 55 °C.  The column oven temperature was 

held for 45 C for 1.5 minutes and then ramped at 30 °C/min from 45 °C to 250 °C and held for 1 

min.  

3.2.2 Methods  

3.2.2.1 Simultaneous oligomerization/polymerization and hydrogenation of HMF 

The reaction was performed by modifying the HDO procedure reported by Dutta and 

Saha.54 HMF (6 mmol), Pd/C (0.6 mmol), Hf(OTf)4 (0.12 mmol), cyclohexane (40 mL) and a stir 

bar were added to a high-pressure stainless steel vessel (160 mL) equipped with a type K 

thermocouple. The vessel was pressurized with H2 to 20 bar and vented three times to remove any 

residual oxygen atmosphere. Next, it was pressurized to 45 bar and heated to 225 C using a Glas-

Col 150 mL fabric heating mantle (serial number 1601090) and an OMEGA CN9000A temperature 

control. The vessel was heated for 24 h stirring (Thermo Stirrer Model 220 T) 

After 24 h the reactor was cooled to 10 C in an ice bath and depressurized. The solution 

was filtered through vacuum filtration to remove the catalysts. The vessel and the filter paper were 

washed into an Erlenmeyer flask (125 mL) with 35 mL of cyclohexane (Figure 3.5f). Next, the 
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vessel and the filter paper were washed with 35 mL of methanol into a separate an Erlenmeyer 

flask (125 mL) to collect the hydrophilic products (Figure 3.5g1).  The solvents and volatiles of the 

cyclohexane filtrate and the methanol filtrate were removed under reduced pressure to afford a 

mixture of colorless products (39 mg) and a mixture of yellow products (51 mg) respectively. The 

methanol filtrate residue and the cyclohexane filtrate residue were analyzed separately by 1H NMR 

spectroscopy.  Moreover, the cyclohexane filtrate residue was EI mass spectrometry and GC-MS 

(method 2).  

 

 

Figure 3.5 - Flowchart of the workup procedure of simultaneous oligomerization/polymerization 

and hydrodeoxygenation of HMF. 
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3.2.2.2 Internal standard calibration curve for analysis using GC-MS 

Internal standard calibration curve (Figure 3.6) was made by plotting the peak area ratio of 

GC-MS chromatograms vs. the concentration ratio for dodecane and hexamethylbenzene (internal 

standard) (Appendix A, Table A.2) 

 To determine the number of GC-detectable alkanes produced, simultaneous 

oligomerization/polymerization and hydrodeoxygenation of HMF reaction was repeated in 

standard conditions (Table 3.1 Entry 5) After the reaction with standard conditions, the vessel was 

cooled down to 10 C and depressurized. Next, 7.34 mL of solution was filtered using a syringe 

filter to a 20 mL vial containing 1.8 mg of hexamethylbenzene. After mixing the solution, GC-MS 

chromatograms were obtained using method 1 and 2. 

 

 

Figure 3.6 - GC-MS internal standard calibration curve. Cyclohexane was used as the solvent. 

Concentrations of dodecane and hexamethylbenzene were in mass concentrations (mg/mL). 

 



 

37 

 

3.3 Results and discussion 

This section explores the effect of changing different reaction conditions on the yield of 

long chain alkanes, as shown in Table 3.1. Moreover, the results and rationale behind each reaction 

is discussed in detail. First, I will describe the reaction under standard conditions (3.3.1), followed 

by a series of control reactions (3.3.2), then the effects of higher HMF concentrations (3.3.3), 

solvent (3.3.4), and two-step heating conditions (3.3.5). 

Table 3.1 - Different amounts of reagents screened for optimizing the simultaneous 

oligomerization /polymerization and hydrodeoxygenation of HMFa 

Entry Solvent HMF 

(mmol) 

Pd/C 

(mmol) 

Hf(OTf)4 

(mmol) 

Conclusion 

1b Cyclohexane - 0.60 0.12 No products were 

formed 

2b Cyclohexane 6.0 - - Small amount of 

oligomers were formed 

3b Cyclohexane 6.0 - 0.12 Large amount of humin 

formation 

4 Cyclohexane 6.0 0.60 - HDO was not complete   

5c Cyclohexane 6.0 0.60 0.12 Transportation fuel 

range alkanes formed 

6 Hexane 6.0 0.60 0.12 Not suitable because 

hexane is a main 

product 

7 THF 6.0 0.60 0.12 THF polymerized 

8 Water 6.0 0.60 0.12 HDO was not complete  

9d Cyclohexane 6.0 0.60 0.12 Transportation fuel 

range alkanes formed 

similar to Entry 5 

10 Cyclohexane  30 0.60 0.12 Transportation fuel 

range alkanes were not 

formed 

      
aReaction conditions unless otherwise specified: reaction was in 40 mL of solvent, 80 bar H2, 

heated at 225 ºC for 24 h. 
b Experiment performed without hydrogen. 
cThis reaction was chosen as the standard to compare other reaction conditions to because it 

contains the same mol ratios of substrate, catalyst and the promoter as the optimized reaction 

done by Dutta and Saha.54 
dTwo step heating conditions (60 C for 20 h, 225 C for 24 h). 

 

3.3.1 Reaction at standard conditions (6 mmol HMF, 0.6 mmol Pd/Cand 0.12 mmol of 

Hf(OTf)4 



 

38 

 

Simultaneous oligomerization/polymerization and hydrodeoxygenation of HMF were 

performed under the conditions used by Dutta and Saha for hydrodeoxygenating furylmethane 

oxygenates (Table 3.1 Entry 5).54  

If hydrodeoxygenation of HMF follows the same mechanism as described by Dutta and 

Saha,54 the reaction should form hexane as the main product since the starting compound has 6 

carbons. Smaller alkanes such as pentane and partially deoxygenated products can form in smaller 

amounts. However, if some oligomerization of HMF occurs before HDO, and if that 

oligomerization creates intermediates containing linear, branched, or cyclic carbon chains of 

greater than 6 carbons, then some alkanes heavier than hexane should be obtained. 

The volatile and nonvolatile products (hydrophobic and hydrophilic) from the 

simultaneous oligomerization/polymerization and hydrodeoxygenation of HMF were analyzed 

using GC-MS, NMR spectroscopy, mass spectroscopy and EA. 

The volatile products were analyzed using both GC-MS and process GC. According to the 

process GC on-line analysis method, hexane is the only product formed in considerable amounts 

(Appendix A, Figure A.5). The amount of hexane produced was found to be 3.5 % when quantified 

using GC-MS method 1. The calculations are presented in Appendix A. 

The yield of nonvolatile hydrophilic product mixture (methanol soluble) was calculated, 

and the mixture was analyzed using 1H NMR spectroscopy. The mass of the product mixture was 

51 mg (7.7 wt%). The 1H NMR spectrum (Appendix A, Figure A.1) of this mixture showed peaks 

between 1-3 ppm, which indicates the presence of saturated compounds that are not fully 

deoxygenated.  

The yield of nonvolatile hydrophobic product mixture (cyclohexane soluble) was 

calculated, and the mixture was analyzed by 1H NMR spectroscopy, GC-MS, EI-mass spectroscopy 

and EA. The mass of the product mixture was 39 mg (6.3 wt%). In the 1H NMR spectrum (Figure 

A.2), the main peaks were between 1-2 ppm, consistent with the structure of alkanes. Based on 
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these observations, the organic components in the cyclohexane residue were exclusively alkanes. 

Elemental analysis (Table A.1) was performed to ensure that the colorless liquid consists of alkanes 

and not inorganic compounds such as hafnium triflates or hafnium oxides, which are not detectable 

by 1H NMR spectroscopy. According to the elemental analysis, the mass of carbon and hydrogen 

was 98% (Table A.1). The EI-mass spectrum showed peaks up until around 600 m/z (Figure 3.7). 

Therefore, this colorless liquid contains alkanes that are less volatile compared to cyclohexane.  For 

this to happen, additional reactions other than HDO must have occurred which would increase the 

number of carbons in the individual chains.  

When analyzed using GC-MS, various peaks were observed (Figure 3.8 and Figure 3.9). 

The products were identified by comparing the mass spectra with the reported spectra in the NIST 

MS Library. Moreover, a spectrum of a standard n-alkane mixture from C8-C20 (Appendix A, 

Figure A.3) was obtained to make the identification more accurate. In the GC-detectable range of 

the chromatogram, most of the detected compounds were C10-C12 alkanes (the GC spectrum 

detects alkanes from C9-C18). This shows that chain lengthening happens alongside the 

hydrodeoxygenation. These GC-detectable alkanes are in the correct range for both jet fuel and 

diesel. The proposed reactions for the major long chain alkanes are discussed in Table 3.2. The 

concentration of the compounds was determined using the internal standard. The calculations are 

presented in Appendix A. The HDO method was able to successfully hydrodeoxygenate the starting 

material. However, unlike the multi-ring furan compound used by Dutta and Saha54, chain 

lengthening reactions that happened during the process increased the number of carbons when HMF 

was used as the starting material.  
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Figure 3.7 - EI Mass spectrum of the cyclohexane-soluble residue obtained after simultaneous   

oligomerization/hydrodeoxygenation with the standard conditions.  

 

3.3.1.1 Identification of long chain alkanes 

A portion of non-volatile alkanes (C9-C18) were identified in the cyclohexane filtrate after 

the standard experiment (entry 5) using GC-MS. GC with the mass spectroscopy detector gives the 

advantage of identifying the eluting compounds by comparing the spectra obtained to the mass 

spectra in the NIST library. The results can be confirmed by obtaining GC-MS spectra of pure 

compounds and comparing them to the spectra obtained from the sample. The cyclohexane residue 

of the standard reaction contained many different peaks (Figure 3.9). Therefore, only the n-alkanes 

were confirmed using pure samples, because it was not practical to get pure samples to confirm all 

of the branched or cyclic alkanes. According to the NIST library, the compounds that eluted 

between 3 – 9 mins are a variety of different alkanes (C10-C12), including linear, branched, and 

cyclic alkanes. n-Dodecane was the major product in the GC-detectable region. The other main 

products include 5-methyl undecane, 4-ethyl decane, hexyl cyclohexane, n-undecane, 4-methyl 

decane, and n-decane. There are a few peaks from compounds that eluted between 13-16 minutes 

but the mass spectra of these compounds are not reliable enough to obtain molecular peaks and 

fragment patterns. Therefore, it was difficult to confirm if these later eluents are from C16-C18 

alkanes or partially deoxygenated products. 
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I predict separating individual compounds or trying to increase the yield of one of the 

alkanes will be very difficult. However, this is not an issue for transportation fuel application 

because a mixture of different types of alkanes (linear, branched, cyclic) can be used as long as 

the alkanes have 8-22 carbons.  

 

Figure 3.8 - GC-MS chromatogram of the cyclohexane residue after standard reaction. 
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Figure 3.9 - Magnified GC-MS chromatogram (3.61 – 8.66 minutes) of cyclohexane residue 

obtained after the standard reaction. 

 

Several factors can affect the length of the carbon chains obtained from dimers and the 

oligomers forming. First, the oligomerization or condensation reaction can affect the number of 

carbons. If a compound forms with two HMF molecules or HMF with another 6-carbon molecule 

such as DHH the alkane can have up to 12 carbons. However, if molecules with less than 6 carbons 

react to form the dimers or the condensation product, it will have a lower number of carbons. For 

example, aldol condensation product of HMF and LA which will have 11 carbons or the aldol 

condensation product of two LA molecules will have 10 carbons. The hydrodeoxygenation process 

can affect number of the carbons in the alkanes that form from the dimers and HMF condensation 

product. If there is an oxygen atom in the middle of the principal carbon chain, then the HDO 

process will cleave the chain at the oxygen to form two smaller alkanes. For example, 

hydrodeoxygenation of 5,5’-oxy(bis-methylene)-2-furaldehyde (OMBF), a proposed HMF 

oligomer, will form two hexane molecules (Figure 3.10). The hydrodeoxygenated products of 

dimers with oxygen in the middle of the principal carbon chain are too volatile to be used as a 
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transportation fuel. Moreover, side reactions such as decarbonylation can occur during the 

oligomerization/ condensation process and/or the hydrodeoxygenation process. These kinds of 

reactions decrease the number of carbons in the alkane chain.  

 

Figure 3.10 - Hydrodeoxygenation of OMBF form two hexane molecules. 

 

According to the GC-MS spectrum (Figure 3.9), n-dodecane has the largest concentration 

among the GC-detectable fuel range alkanes. Other major products include 5-methyl undecane, 4-

ethyl decane, hexyl cyclohexane, n -undecane, 4-methyl decane, n-decane. Proposed dimers and 

self-condensation products that would form these alkanes once hydrodeoxygenated are shown in 

the Table 3.2 - HMF oligomerization and condensation products consistent with the major GC-

detectable alkanes. 
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Table 3.2 - HMF oligomerization and condensation products consistent with the major GC-

detectable alkanes. 

Alkane formed Reaction Structure 

n-Dodecane Aldol reaction between 

HMF and DHH molecules 

 
Aldol condensation between 

HMF and DHH molecules 

 
Benzoin reaction between 

two HMF molecules 

 
 

5-Methyl undecane Hetero Diels-Alder 

condensation between two 

HMF molecules 

 
4-Ethyl decane Aldol condensation between 

HMF and DHH molecules 

 
Hexyl cyclohexane Aldol condensation between 

HMF and DHH molecules 

and aldol reaction between 

the aldehyde and the ketone 

of DHH molecule 

 
n-Undecane Aldol condensation of HMF 

and LA 

 
Acid condensation of two 

HMF molecules 

 
Ketonisation of two HMF 

molecules 

 
4-Methyldecane Hetero Diels-Alder 

condensation and 

decarbonylation of 2 HMF 

molecules  
n-Decane Aldol condensation between 

HMF and DHH molecules 

and decarbonylation 
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3.3.1.2 Mass balance 

Simultaneous oligomerization/polymerization and hydrodeoxygenation produced a variety 

of different products. The number of products formed in the gaseous phase, hydrophobic solution 

phase (cyclohexane) and hydrophilic solution phase (methanol) during the standard reaction (Table 

3.1 Entry 5) were determined. 

The gaseous phase of the reaction was analyzed using a process GC on-line analysis 

method (see the section 3.2.1). The GC chromatogram (Appendix A, Figure A.5) showed peaks for 

the cyclohexane (solvent) and hexane (a product). There were no other noticeable peaks This 

indicated that a significant amount of other volatile products, such as propane, butane and pentane, 

were not produced during the reaction. It was difficult to quantify the amount of hexane using the 

on-line GC chromatogram, The difficulty is due to the need for a suitable internal standard that is 

different than the products of interest, is volatile, and would not poison the catalyst or undergo 

additional reactions. Furthermore, the internal standard must have a known concentration during 

the entire reaction.  Therefore, after the reaction, the hexane concentration in the cyclohexane 

filtrate was determined using GC-MS spectroscopy. Using the GC-MS chromatogram and Equation 

3.1, the hexane yield was calculated to be 3.5 wt%. The calculations are presented in Appendix A. 

Yields of non-volatile compounds produced during the reaction were determined using the 

masses of residue left after removing the solvents (Figure 3.5f and g1) The mass of cyclohexane 

residue was 39 mg (6.3 wt%) The cyclohexane filtrate was analyzed using GC-MS, and 1.6 % of it 

was in the GC detectable region. The calculations are presented in Appendix A. When analyzed 

using EI mass spectroscopy, it showed compounds larger than products detectable by GC-MS 

(Figure 3.7). Therefore, the rest of the mass is likely too heavy to be detected by GC-MS. The mass 

of methanol residue was 51 mg (7.7 wt%). Therefore, the standard reaction produced 14. wt% of 

non-volatile compounds which are soluble in either hydrophobic solvents or hydrophilic solvents.  
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The total yield of volatile and non-volatile products of the standard reaction (Table 3.1 

Entry 5) was 17.5 wt%.  This means there is undetected mass of 82.5 wt% (100.0 wt% - 17.5 wt% 

= 82.5 wt%). The next section will explore the possible reasons behind this mass loss. 

𝐀𝐥𝐤𝐚𝐧𝐞𝐬 𝐲𝐢𝐞𝐥𝐝 % =  
𝐌𝐚𝐬𝐬 𝐨𝐟 𝐚𝐥𝐤𝐚𝐧𝐞𝐬 

𝐓𝐡𝐞𝐨𝐫𝐞𝐭𝐢𝐜𝐚𝐥 𝐲𝐢𝐞𝐥𝐝 
× 𝟏𝟎𝟎 =  

𝐌𝐚𝐬𝐬 𝐨𝐟 𝐚𝐥𝐤𝐚𝐧𝐞𝐬 

𝐌𝐚𝐬𝐬 𝐨𝐟 𝐇𝐌𝐅 𝐮𝐬𝐞𝐝 ×𝟎.𝟔𝟕𝟓
 × 𝟏𝟎𝟎       Equation 3.1 

𝐎𝐱𝐲𝐠𝐞𝐧𝐚𝐭𝐞𝐬 𝐲𝐢𝐞𝐥𝐝 % =  
𝐌𝐚𝐬𝐬 𝐨𝐱𝐲𝐠𝐞𝐧𝐚𝐭𝐞𝐬

𝐓𝐡𝐞𝐨𝐫𝐞𝐭𝐢𝐜𝐚𝐥 𝐲𝐢𝐞𝐥𝐝 
× 𝟏𝟎𝟎 =  

𝐌𝐚𝐬𝐬 𝐨𝐟 𝐨𝐱𝐲𝐠𝐞𝐧𝐚𝐭𝐞𝐬 

𝐌𝐚𝐬𝐬 𝐨𝐟 𝐇𝐌𝐅 
 × 𝟏𝟎𝟎        Equation 3.2 

 

3.3.1.3 Reasons behind the mass loss 

The mass balance of the standard reaction was determined by comparing the mass of the 

compounds determined after the reaction to the mass of the products expected. Ideally, the mass 

balance should be 100%. Experimental errors slightly decrease the mass balance. However, the 

standard reaction has an unusually low mass balance (17.5 wt%). Different reasons that could have 

affected the low mass balance were explored (Table 3.3).  
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Table 3.3 - Explored potential causes of mass loss. 

Potential cause Testing /precaution Results / conclusion 

Decomposition to gaseous 

products (e.g., methane, 

ethane, CO2 and CO) due 

to heat or the catalyst 

Analyzed the gas phase 

using the process GC 

(Appendix A, Figure A.5) 

No major peaks were found. Also,  

HDO literature did not report 

considerable decomposition 

products.54 Therefore it is unlikely 

this is a main cause of mass loss. 

 

Formation of insoluble 

solid products 

Calculated the mass of 

solids before and the after 

the reaction 

 

No significant amount of solid 

products were detected. 

Products adhered to the 

vessel 

Washed the vessel with 

3 5 mL of cyclohexane 

and 3 5 mL of methanol 

 

Unlikely to be a significant source of 

mass loss since washing appeared to 

have removed most of the products. 

Reaction formed 

cyclohexane or products 

that are obscured by the 

solvent peak 

(cyclohexane) 

Performed the reaction in 

decane (Appendix A, 

Figure A.11) 

Noticeable amount of cyclohexane or 

other products that would be 

obscured by cyclohexane peak were 

not formed.  Therefore, it is unlikely 

to be a significant source of mass 

loss 

 

Incorrect calibration 

curve 

Analyzed a known 

amount of n-dodecane 

using the calibration 

curve (Appendix A) 

Concentration determined by the 

calibration curve agreed with the 

actual concentration of dodecane. 

Unlikely to be the significant source 

of mass loss 

 

Amount of hexane 

produced is 

undercalculated  

Was not tested  This remains a possibility 

 

Out of the reasons discussed in Table 3.3, I believe the most likely explanation is that the amount 

of hexane produced is largely undercalculated due to its volatility. A large amount of hexane 

could have been lost when the vessel was opened to the atmosphere during the steps prior to the 

GC-MS analysis (e.g., depressurization and sample preparation). 
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3.3.2 Various blank reactions (Entries 1-4) 

3.3.2.1 Reaction without any HMF  

A reaction without HMF was done to confirm whether the long-chain oligomers are from 

hydrodeoxygenated HMF oligomers and not oligomerization reactions of the solvent (Table 3.1 

Entry 1). There was no reaction, and no product was left in the round bottom flasks after removing 

the solvents from cyclohexane and methanol filtrate. This test confirmed that long-chain alkanes 

are formed from HMF,  and not solvent degradation.  

3.3.2.2  Reaction without Pd/C, Hf(OTf)4 and H2 

A reaction without the with neither of the catalysts and with no H2 was done to learn about 

the oligomers that form without hydrodeoxygenation (Table 3.1 Entry 2). Humins were not 

detected. The methanol residue (246 mg, 36 wt%) was analyzed by 1H NMR spectroscopy (Figure 

A.6). The residue consisted of about 50% of HMF and 50% of another product, which is likely to 

be the ether oligomer (Figure 3.2). If the ether oligomer is hydrodeoxygenated, it would be cleaved 

to form two hexane molecules. The cyclohexane residue (38 mg, 6 wt%) was analyzed by 1H NMR 

spectroscopy (Appendix A, Figure A.7). The 1H NMR spectrum shows it contains many different 

compounds by the presence of multiple peaks in the region of 0.8 – 9.8 ppm, which could possibly 

be oligomers. I predict it is possible to hydrodeoxygenate the compounds in the cyclohexane layer 

to obtain long-chain alkanes.  However, the quantity of material in the cyclohexane filtrate was so 

small (38 mg) that, if it were to be hydrodeoxygenated, it would likely not form enough product to 

be analyzed.  

3.3.2.3 Reaction with Hf(OTf)4 but without Pd/C and H2 

A reaction was done with Hf(OTf)4, without Pd/C and H2 (Table 3.1 Entry 3). At the end 

of 24 h, over 90 % of the HMF has converted to humins. This reaction was repeated with a fresh 

batch of HMF but with only a 30 min reaction time. At the end of 30 mins, the humin yield was 

over 70%. A significant amount of humins was not detected during the standard reaction (Table 3.1 
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Entry 5). This shows that with these conditions (225 ºC and oligomerization and 0.12 mmol of 

Hf(OTf)4) hydrodeoxygenation of HMF needs to happen simultaneously to obtain transportation 

fuel range alkanes.  

The presence of the Lewis acid during the reaction had a huge effect. The difference 

between the reaction described here and the reaction described in section 3.3.2.2 is having the Lewis 

acid Hf(OTf)4. Without the Lewis acid, only a small amount of oligomers were formed and did not 

form humins in detectable amounts.  However, the reaction produced over 90% of humins when 

there was Lewis acid. In literature, it has been shown that Brønsted acids such as H2SO4 accelerate 

the formation of humins. The results in my project showed that Lewis acids such as Hf(OTf)4 

increase humin formation as well. 

3.3.2.4 Reaction with Pd/C and H2 but without Hf(OTf)4 

When a reaction was done without Hf(OTf)4 (Table 3.1 Entry 4),  The reaction did not 

produce transportation fuel range alkanes. The major nonvolatile product in the GC-detectable 

product in cyclohexane filtrate was dimethyl furfural, consistent with the fact that decarbonylation 

occurs with Pd/C (Appendix A, Figure A.8). Therefore, a Lewis acid such as Hf(OTf)4 is necessary 

for synthesizing transportation fuel range alkanes under these conditions. 

 

Based on the above blank experiments, we concluded that a) oligomers are formed from 

HMF under these conditions, and b) simultaneous oligomerization and HDO need to occur to form 

long chain alkanes. In these conditions, it is necessary to have the hydrogeneration catalyst with H2 

and the Lewis acid present.  

3.3.3 Reaction with higher HMF concentration compared to the standard reaction 

A reaction was done with a five times greater concentration of HMF (entry 10) but keeping 

other reagents the same as the standard reaction (Table 3.1 Entry 5). The reasoning behind this is 

because, under the standard conditions, the humin formation is not noticeable and there is a large 
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mass loss.  I assume that the mass loss in standard reaction (discussed in detail in section 3.3.1.2) 

is because the amount of hexane formed is undercalculated due to its extreme volatility. If this is 

correct, then the HDO is happening to quickly relative to the oligomerization, and greater yields of 

longer alkanes might be achieved by increasing the rate of the oligomerization reaction relative to 

the HDO. If the rate of the oligomerization is roughly second order in HMF concentration but the 

HDO is only first order in HMF concentration, then one can anticipate that increasing the HMF 

concentration would increase the oligomerization and polymerization of HMF compared to HDO, 

thereby increasing the amount of long chain alkanes.  

The reaction produced small amount produce hexanes (0.7 wt%) but did not produce 

noticeable amount of transportation fuel range alkanes (Appendix A, Figure A.9 and Figure 

A.10).The GC-MS of the cyclohexane filtrate containing nonvolatile products consisted of different 

partially deoxygenated products. When the cyclohexane residue was analyzed by 1H NMR (Figure 

3.11) it contained peaks in the range of 0.9-2.8 ppm and a smaller peak at 6.98 ppm. Therefore, the 

sample probably contained partially deoxygenated oligomers which too heavy to detect by GC-

MS. Most of the double bonds are hydrogenated, which can be seen by the smaller peak around 

6.98 ppm. The peaks from 0.9-2.8 ppm are in the range for alkane protons and ether protons. 

Moreover, the reaction produced 39 wt% of humins. EI mass spectrum shows peaks up until around 

600 m/z (Figure 3.12). Therefore, increasing the concentration of HMF compared to the catalysts 

increase the oligomerization/polymerization.  Under the conditions used, complete HDO of 

transportation fuel range alkanes was not achieved. However, if the hydrodeoxygenation conditions 

were to be optimized for entry 10 (such as using a more suitable catalyst) complete 

hydrodeoxygenation is likely to be obtained.  
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Figure 3.11 - 1H NMR spectrum of cyclohexane residue obtained after simultaneous 

oligomerization/hydrodeoxygenation reaction with 5 HMF concentration. 

 

 

 

Figure 3.12 - EI Mass spectrum of cyclohexane residue obtained after simultaneous   

oligomerization/hydrodeoxygenation reaction with 5 HMF concentration. 
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3.3.4 The effect of the solvent on simultaneous oligomerization/polymerization and 

hydrogenation of HMF 

Entries 5-8 analyzed the effect of the solvent on simultaneous oligomerization 

/polymerization and hydrodeoxygenation of HMF. The solvent plays an important role in both 

hydrodeoxygenation and humin formation. Therefore, four different solvents were explored to 

analyze the effect on the synthesis of long-chain alkanes (Table 3.1 Entries 5-8). However, the 

selection of the solvents is limited because of the need to avoid solvents that can undergo 

hydrogenation/HDO or have atoms like Cl that can poison the catalyst.  

During this project, the effect of cyclohexane, hexane, water and THF as solvents were 

compared. Hydrodeoxygenation/oligomerization of HMF in hexane gave yields and distribution of 

long chain alkanes similar to doing the reaction in cyclohexane. However, because the reaction 

produces hexane as a product, it was not possible to distinguish the hexane product from the hexane 

solvent. In the literature,81 it has been shown that humin formation is faster in aqueous solvents 

compared to organic solvents. Since the standard reaction did not produce a noticeable amount of 

humins, water was chosen as the solvent to increase the rate of the oligomerization and therefore 

possibly the yield of transportation range alkanes. However, when the reaction was done in water, 

the hydrodeoxygenation was incomplete. Neither hexane nor long-chain alkanes were not detected. 

Many different partially deoxygenated products were observed, and identification of products was 

difficult. The reason could be the lower solubility of H2 in water. THF is not a suitable solvent 

because, after the reaction, the solvent was not able to be remove completely. The reason could be 

that THF polymerized, which is known in the literature to happen.85 Therefore, cyclohexane was 

identified as the best solvent for the reactions. However, using small amounts of water could 

improve the oligomerization without affecting the hydrodeoxygenation.  
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3.3.5 Two-step heating conditions (60 C for 20 h, 225 C for 24 h) 

The goal of the experiment described in entry 9 was to analyze the effect of modified 

temperature conditions. According to Song et al., with the catalyst Pd/C and the Lewis acid 

Hf(OTf)4, hydrogenation of the double bonds of bioderived furans occurred at a lower temperature 

(60 C) prior to the deoxygenation.82 Therefore, a two-step heating process (60 C for 20 h, 

followed by 225 C for 24 h) was tried to see the effect on the yield and product distribution (Table 

3.1 Entry 9). The yield of hexane detected by GC was 9 wt% (3.5 % hexane yield under standard 

conditions). The yields of long-chain GC detectable and not-detectable alkanes were similar to the 

yields under the standard conditions within the experimental errors. The yield of partially 

deoxygenated products was lower (<1 wt%) than the standard conditions (8 wt%). Similar to the 

standard reaction, this reaction did not produce noticeable amounts of humins. Because the focus 

is on increasing the yield of long-chain alkanes, preferably alkanes in the transportation fuel range, 

modifying the heating conditions did not improve the reaction.  

3.4 Conclusions  

Simultaneous oligomerization/polymerization and hydrodeoxygenation of HMF was 

explored. Heating HMF in cyclohexane at 225 C for 24 h produced relatively nonpolar 

oligomers/condensation products that are cyclohexane soluble and polar oligomers that are 

methanol soluble. Adding an acid catalyst such as Hf(OTf)4 increased the rate of 

oligomerization/polymerization, and within 0.5 h at 225 ºC, more than 70% of HMF polymerized 

to humins. However, when HMF was heated with H2 and Pd/C and Hf(OTf)4, long-chain alkanes 

(≥C9) were produced through simultaneous oligomerization and hydrodeoxygenation. The reaction 

of HMF (1 mol eq) with Pd/C (0.1 mol eq) and Hf(OTf)4 (0.02 mol eq) produced alkanes with 

molecular weights in the range of 86–600 m/z. It was confirmed that simultaneous oligomerization 

polymerization and HDO can be used to produce long-chain alkanes.  
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Some individual products were identified. Hexane was the major product. n-Dodecane was 

the highest concentrated non-volatile product in the GC detectable region. Other major compounds 

visible in GC-MS chromatogram included n-undecane, n-decane, hexyl cyclohexane, and 5- methyl 

undecane.  

Proposing the oxygenated intermediates that formed during the oligomerization with more 

than two HMF units is difficult, because many different reaction types can contribute to the 

oligomerization/polymerization process.  

When the ratio of HMF concentration was increased (Table 3.1 Entry 10) compared to the 

standard conditions (Table 3.1 Entry 5), the extent of oligomerization increased. However, 

complete hydrodeoxygenation was achieved with the explored conditions. From the explored 

solvents, cyclohexane was the most suitable solvent. Moreover, modified heating condition did not 

improve the yield of long chain alkanes. Therefore, entry 5 was proved to be most promising 

conditions from the once that were explored. 

During the reaction, significant mass loss was observed. This is likely because of the 

difficulty of accurately quantifying the yield of the major product, hexane, due to its volatility.   

3.5 Future work  

Next, the effect of solvent on this process can be examined. In the literature, it has been 

shown that oligomerization/polymerization is faster in aqueous solutions.81  However, when a 

reaction was done in water, complete HDO of oligomers was not achieved. This could be due to 

the low solubility of H2 in water. Explorations of having a small amount of water with a 

hydrophobic solvent like cyclohexane could be valuable. Moreover, other methods (doubling the 

HMF concentration, lowering the amount of Hf(OTf)4 or adding other acids) that would increase 

the amount of low molecular weight oligomers (dimers and trimers) are recommended. 

Mass spectrometry detection is the only commonly used analytical technique that allows 

the researchers to gain information about molecular weight and structural information. GC-MS is 
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accurate enough for the alkanes up to C18. For the larger alkanes, however a better method for 

identifying and quantifying the alkanes is needed. Moreover, saturated hydrocarbons are more 

challenging to analyze by MS due to the absence of ionizable functional groups.  The few methods 

that can ionize saturated hydrocarbons tend to cleave the molecule causing loss of molecular weight 

information. I recommend high-performance liquid chromatography-atmospheric pressure 

chemical ionization mass spectrometry (HPLC-APCI) mass spectrometry to identify individual 

compounds. HPLC-APCI mass spectrometry method allows rapid analysis of linear and branched 

nonpolar compounds, a large number of different samples can be analyzed without pre-separation, 

derivatization, special instruments are not required and the method can be performed with any 

HPLC spectrometer with an APCI source.86  

  



 

56 

 

Chapter 4 

Conversion of lignin pyrolysis oil to cyclohexyl methyl ethers as a 

promising biomass-derived solvent 

4.1 Introduction 

Lignin is an aromatic polymer, which is biosynthesized through enzymatic 

dehydrogenation of p-coumaryl alcohol, coniferyl alcohol and sinapyl alcohol (Figure 4.1).87  In 

lignin content is 5–35% in softwood, 20–25% in hardwood and 15–25% in herbaceous plants,87  

 

Figure 4.1 - Monomers that undergo enzymatic degradation to form lignin. Adapted from Katahira 

et al.87 

 

Among different types of lignin processing methods, pyrolysis is reported to be an 

economical method due to low capital and operating cost. Pyrolysis of lignin forms different 

products. More than half of the gaseous products that form during lignin pyrolysis are carbon 

monoxide and carbon dioxide.88 Methane is also another major product. Pyrolysis of lignin forms 

a considerable amount of char. It has been reported that char contains more than 50% of the initial 

energy in lignin.88  However, very limited research has been done on char produced during the 

process. Most of the research has been done on liquid products of pyrolyzed lignin. The most 

abundant products in lignin pyrolysis oil (LPO) are guaiacol and 4-methyl guaiacol (∼5.3 wt.% of 

dry lignin).88 Other single ring aromatic compounds are 4-ethylguaiacol, catechol, 4-
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methylcatechol, 4-ethylcatechol, phenol, cresol, 4-ethylphenol, vinylguaiacol, syringol, eugenol, 

3,5-dimethoxyacetophenone, 4-methyl-2,5-dimethoxybenzaldehyde, 4-allyl-dimethoxylphenol, 

syringaldehyde, 2,6-dimethoxyl-2-propylphenol, and sinapaldehyde.89,90 These single ring 

components are precursors to various flavourings, pesticides, perfumes, and pharmaceuticals.91,92  

Separating these single ring components has been a challenge. Different approaches have 

been proposed to extract these single ring compounds from the heavier pyrolysis components. 

Some of the methods proposed are solvent extraction, steam distillation and extraction through 

acids. These methods carry disadvantages such as the need for large volumes for organic solvents, 

high temperature and the recovery of the acid.93,78 

Mudraboyina  et al. reported a method of separating single ring components in LPO using 

supercritical rectification.78,94  In the same study, isothermal supercritical CO2 extraction was also 

shown to be effective, although not quite as selective. The resulting mixtures of single ring phenols 

can be methylated to make polar aprotic solvents (aromatic ethers) as substitutes for petroleum 

derived aromatic solvents like toluene, xylene, and anisole.94 There is also a need for bioderived 

aliphatic ether solvents to replace petroleum derived aliphatic ethers such as diethyl ether and 

tetrahydrofuran. Such solvents are not only unsustainable but are prone to forming dangerous 

peroxides over time.95,96 

Here we report the conversion of LPO into a mixture of cyclohexyl methyl ethers that can 

serve as a biomass-derived aliphatic ether solvent. The composition, Kamlet-Taft properties, and 

risk of peroxide formation of the mixture are reported. This mixture may be used as a renewably 

sourced alternative to fossil derived low to medium polarity solvents, in applications or 

formulations where a pure single-compound solvent is not required. Such applications may include 

inks, adhesives, cleaning solvents, and paint stripper. Moreover, both the aromatic and aliphatic 

ether mixtures can be used as oxygenates for gasoline or diesel. Several ethers such as ethyl tert-

butyl ether, tert-amyl ethyl ether, methyl tert-butyl ether, and tert-amyl methyl ether have been 
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shown to impart excellent fuel properties.97 Ethers are preferred due to their high octane numbers 

and because they cause less pollution;  they do not contain sulfur and produce lower levels of carbon 

monoxide when they burn.97 

4.2 Materials and methods 

4.2.1 Materials 

    Softwood kraft lignin was obtained from FPInnovations and subjected to microwave 

pyrolysis at École Polytechnique de Montréal, Québec, Canada. DMC, sodium thiosulfate, anisole, 

veratrole, CPME, THF, starch, and QuantoFix test strips were purchased from Sigma-Aldrich. 

HPLC grade methanol, ethyl acetate, acetone, acetic acid, anhydrous sodium sulfate and hexanes 

were obtained from Fisher Chemicals. KI, KOH and Raney nickel were purchased from Alfa Aesar. 

DBU was obtained from TCI Chemicals. 5% Rh/C was purchased from Strem Chemicals. 

Chloroform-d was purchased from Cambridge Isotope Laboratories. CO2, H2 and argon were 

purchased from Praxair Inc. The equipment and method used for the rectification were described 

in Mudraboyina et al. Gas chromatography was performed using a PerkinElmer Clarus 680 Gas 

Chromatograph, a Clarus 600T Mass Spectrometer, capillary column Elite-5MS 30 m  0.25 mm 

 0.25 m film thickness; injector temperature 30°C; carrier gas helium with a flow rate of 1 

mL/min; split flow 20 mL/min; ion source 150 °C with EI of 70 eV; the MS scan range m/z 50–

600. The oven temperature was ramped at 2.5 °C/min from 30 °C to 125 °C and held for 1 min, 

then ramped at 20 °C/min and held at 260 °C for 1 min and finally ramped at 20 °C/min to 320 °C, 

with a dwell time of 3 min. NMR spectra were acquired using a Bruker 400.30 MHz spectrometer. 

UV/visible spectra were acquired using an Agilent 8453 UV-Visible spectrophotometer. IR spectra 

were acquired using a Bruker Alpha spectrometer. 

 

 



 

59 

 

4.2.2 Methylation of LPO 

 The methylation reactions were performed by a modification of the method 

reported by Mudraboyina et al.94 LPO (25.54 g), dimethyl carbonate (125 mL), and DBU (31.25 

mL) were combined in a 500 mL round bottom flask equipped with a stir bar and a reflux condenser. 

The mixture was refluxed in an oil bath heated to 120 °C and stirred at 450 rpm overnight (approx. 

20 h). Afterwards, the mixture was cooled to room temperature (22-25 °C). The dimethyl carbonate 

was removed under reduced pressure. The remaining mixture was dissolved in 750 mL ethyl acetate 

and the resulting solution was washed with 3150 mL 1 M aqueous HCl and then 3x150 mL brine. 

The organic phase was dried with Na2SO4 and decanted to remove the solids. Finally, the ethyl 

acetate was removed under reduced pressure to afford the methylated LPO with 97% retention of 

mass. 

4.2.3 Supercritical fluid rectification of methylated LPO 

 The SFR of methylated LPO was performed by a modification of the procedure reported 

earlier.94 The methylated LPO sample (24.7 g) was placed into the 160 mL stainless steel reactor 

vessel which was then heated to 40 ºC. The CO2 was chilled prior to entering the pump by a cooling 

jacket filled with 1:1 v:v ethylene glycol/water mixture maintained at a temperature of -11 °C. 

Liquid CO2 at a pressure of 8 MPa was passed through the liquid in the vessel at a flow rate of 8 

mL min-1 and up through a rectification column packed with Dixon rings. The column had a 

temperature gradient of 37–95 °C from bottom to top.  

 A temperature gradient was established through the rectification column by 

heating the column in six different temperature zones with heating tape (37 °C, 43 °C, 56 °C, 69 

°C, 82 °C and 95 °C). A back-pressure regulator, connected to the top of the column was set to 

maintain a pressure of 8 MPa and was heated to 55 °C. 

 A 250 mL Erlenmeyer flask containing 75 mL acetone was placed under the outlet 

to collect the rectified material after the CO2 had vapourized. After 5 h, the contents of the 
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Erlenmeyer flask were transferred to a 250 mL round bottom flask and the acetone was evaporated 

under reduced pressure to afford the rectified, methylated LPO. The extract weighed 3.12 g (12.6% 

yield relative to the mass of methylated LPO). The composition of the mixture was analyzed by 

GC-MS.   

4.2.4 Hydrogenation of rectified ethers  

The sulfur present in LPO was removed using a Raney nickel slurry in alkaline water 

following the procedure described by Field et al.98 The Raney nickel (15.1 g) was added to a 500 

mL flask containing rectified ethers (3.12 g) and 210 mL of 7:3 acetone:H2O solution. The mixture 

was refluxed in an oil bath for 7 h. Afterwards, the mixture was cooled to room temperature. The 

Ni was removed by gravity filtration and acetone was removed under vacuum. Rectified ethers 

were extracted with 125 mL of hexanes, dried with Na2SO4, and filtered to remove solids. Then the 

hexanes were evaporated under reduced pressure to afford a mixture of rectified desulfurized ether 

(1.82 g, 7.4%). 

     The rectified and desulfurized ethers (1.82 g) were then dissolved in 54 mL hexanes 

and placed in a 100 mL glass insert with 0.182 g of 5% Rh/C and a stir bar. The vial was placed in 

a stainless steel vessel, which was flushed 5 times with H2 to remove oxygen, then heated to 50 °C 

and pressurized to 60 bar with H2.  The mixture was stirred at 500 rpm for 24 h. Then, the vessel 

was cooled to room temperature and depressurized. The contents of the vial were passed through a 

Celite filter to remove the Rh/C and then the hexanes were evaporated using a rotary evaporator to 

afford hydrogenated ether mixture HLOME (1.37 g, 5.5%). 
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4.2.5 Kamlet-Taft measurements  

The π* of HLOME was calculated from the average wavelength of maximum absorbance 

of solutions of 4-nitroanisole in HLOME at three different concentrations giving absorbances 

between 0.5 and 2.5. The π* was then calculated from that average wavelength using the Equation 

4.1.99 

            π* = 14.57 - 4270/λmax, OMe                                                       Equation 4.1 

Similarly, the β of HLOME was calculated from the average wavelength of maximum 

absorbance of solutions of 4-nitroaniline in HLOME at four different concentrations having 

absorbances between 0.3 and 1.6. The β value was then calculated from that average wavelength 

using the Equation 4.2.99 

β = 11.134 - 3580/λmax,NH2  - 1.125  π*                           Equation 4.2 

4.2.6 Peroxide measurements  

Tetrahydrofuran was dried and stripped of inhibitor by refluxing over sodium 

benzophenone followed by distillation. Cyclopentyl methyl ether was purified by distillation. 

Cyclohexyl methyl ether was prepared from anisole using the hydrogenation procedure described 

above and purified by distillation. 

A portion of ethereal solvent was placed in a 20 mL dram amber vial under air. The vial 

was stored in a solvent cabinet with the lid firmly screwed on. All samples were opened and 

exposed to fresh air once a week. On the 12th week, the peroxide content was quantitatively 

determined by iodometry following the procedure described in Fábos et al.100 The peroxide content 

of HLOME was measured once and average peroxide content in three samples were taken for other 

solvents. 
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4.3 Results and discussion 

The conversion of LPO to aliphatic ethers was envisioned as a process involving three steps 

which could, theoretically, be performed in any sequence: 1) methylation of the phenolic 

components of LPO, 2) isolation of the single-ring compounds from the heavier components, and 

3) hydrogenation of the aromatic rings (Scheme 4.1). This particular sequence was chosen for two 

reasons. First, the rectification method developed by the Jessop group94 and used in this study is 

selective for single ring aromatic ethers and guaiacols, but rejects catechols and multi-ring 

compounds. Because catechols are anticipated to be a constituent of the LPO that could be 

converted to cyclohexyl methyl ethers, it is desirable to methylate the catechols to veratroles prior 

to rectification in order to obtain greater yields of anisoles/veratroles from the rectification step. 

Second, it is beneficial to remove unwanted material earlier in the process to avoid consuming 

reagents unnecessarily and to decrease the likelihood of unwanted side reactions. For that reason, 

the rectification step was performed prior to the hydrogenation step.  

 

Scheme 4.1 - The synthetic route for converting LPO into cyclohexyl methyl ethers. 

 

4.3.1 Methylation and supercritical fluid rectification of LPO 

The phenolic groups present in LPO were methylated using stoichiometric amounts of 1,8-

diazabicyclo(5.4.0)undec-7-ene (DBU) and an excess of dimethyl carbonate (DMC) as both solvent 

and methylating agent. This methylation procedure was first tested on several individual 

compounds that are known78 to exist in LPO, including phenol, guaiacol, catechol, and eugenol; 

these model compounds were all successfully methylated with yields in excess of 95% (Appendix 
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B, Table B.1). The crude isolated product after methylation of the LPO retained 97% of the mass 

of the LPO.  

The crude product was then purified by SFR. The SFR procedure involves extracting the 

lighter components from the LPO using supercritical CO2 (scCO2) and passing the scCO2 solution 

up a progressively hotter steel column packed with small steel rings.94 The rectification process 

produces a mixture of aromatic single ring ethers which we refer to as lignin oil methyl ethers 

(LOME). 

The composition of LOME was determined by GC-MS (Appendix B, Table B.2). The 

compounds were identified using standards and by comparing mass spectra with spectra in the 

NIST MS Library.101 4-Methyl veratrole, veratrole, 4-ethyl veratrole,  2,3-dimethylanisole and 4-

ethylveratrole were the major components in the LOME mixture (Appendix B, Table B.2), which 

matches the observations of Mudraboyina et al.94 

4.3.2 Hydrogenation of rectified ethers 

A procedure for the hydrogenation of LOME was developed using veratrole as a model 

reactant. Catalysts and conditions were screened to identify a procedure that would provide a high 

conversion of veratrole to 1,2-dimethoxycyclohexane (Table 4.1). 

Initially, different catalysts were screened for the hydrogenation at 80 ºC (entries 1-5). 

Using Rh(5%)/C (entry 2) resulted in a nearly complete reaction of veratrole with 84% yield of the 

desired product 1,2-dimethoxycyclohexane. Hydrogenations using other catalysts all had large 

quantities (25-75%) of unreacted veratrole remaining after the reaction time. Each catalyst, 

including Rh(5%)/C, also produced cyclohexyl methyl ether as a byproduct. Although this 

demethoxylation was an unanticipated side reaction, cyclohexyl methyl ether would be a welcome 

component in the aliphatic ether mixture we are trying to produce and is likely to also be produced 

from the methylation and hydrogenation of the phenol present in LPO. Further demethoxylation to 
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cyclohexane was negligible. Based on the results, Rh(5%)/C was identified as the best catalyst of 

those tested. 

Hydrogenations of pure veratrole were carried out next using Rh(5%)/C under different 

conditions in an attempt to limit the formation of side products (entries 6-11). Reactions at lower 

temperatures or H2 pressures all had unreacted veratrole present, even after extended reaction times. 

Solvent-free conditions were used for the initial reactions. When hexanes were used as the 

solvent,27,28 conversion of veratrole to 1,2-dimethoxycyclohexane improved, even if the 

temperature was lowered to 50 ºC, and apart from cyclohexyl methyl ether, negligible amounts of 

side products or unreacted veratrole were present (entry 11). The combined yield of the 1,2-

dimethoxycyclohexane and cyclohexyl methyl ether was >99% Therefore, the conditions described 

in entry 11 were selected as the conditions to be used for LOME hydrogenation.  

Prior to LOME hydrogenation, a desulfurization step is required to prevent catalyst 

poisoning. Sulfur is present as an impurity in Kraft lignin. Even after rectification, approx. 1 wt% 

sulfur was present in the LOME according to elemental analysis. Attempts at hydrogenation 

without prior desulfurization were not successful.  The sulfur was removed using a Raney nickel 

slurry in alkaline water following the procedure described by Field et al.98 No sulfur was detected 

by elemental analysis after the Raney nickel wash. LOME prepared from raw lignocellulose or 

from lignin separated without use of sulfur-containing reagents would presumably not require this 

desulfurization step. 

Hydrogenation of LOME was performed using the best conditions identified for veratrole 

(entry 11) in Table 4.1 and the major compounds were identified by comparing mass spectra with 

spectra in the NIST MS Library.101 Methoxycyclohexane, 1,2-dimethoxycyclohexane and 1,3-

dimethoxycyclohexane were identified. The hydrogenated lignin oil methyl ethers (HLOME) were 

analyzed by 1H (Appendix B, Figure B.1), 13C (Appendix B, Figure B.2), DEPT 135 (Appendix B, 

Figure B.3) NMR and IR (Appendix B, Figure B.4) spectroscopy. It is difficult to determine 
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whether the methylation was complete using NMR spectroscopy. However, the IR spectrum of 

HLOME has a broad peak around 3500 cm-1, which has a weaker absorbance intensity than 

cyclohexanol. This suggests the presence of some unreacted hydroxyl groups. The 1H NMR 

spectrum shows that all peaks corresponding to aromatic protons have disappeared (the 13C NMR 

spectrum confirms this). In the 1H NMR spectrum the peaks at 3.1-4.3 ppm correspond to methoxy 

and methoxymethine protons and the peaks at 0.8-2.1 ppm corresponds to aliphatic protons 

Table 4.1  - Hydrogenation catalyst and conditions screened for heterogeneously catalyzed 

hydrogenation of veratrole.a 

Entry Catalyst 

H2 

pressure 

(bar) 

Temperature 

(°C) 

veratrole 

remaining 

(%) 

Conversion to 

1,2-DMCH (%) 
CHME 

(%) 

1 Pt(10%)/C 60 80 37 47 10 

2 Ru(5%)/C 60 80 66 26 7 

3 Ru(0.5%)/Al2O3 60 80 28 46 23 

4 Rh(5%)/Al2O3 60 80 73 19 7 

5 Rh(5%)/C 1 80 84 9 3 

6 Rh(5%)/C 30 30 66 29 4 

7 Rh(5%)/C 60 30 75 22 3 

8 Rh(5%)/C 60 50 6 79 13 

9 Rh(5%)/C 60 80 <1 84 9 

10b Rh(5%)/C 60 30 89 10 1 

11b Rh(5%)/C 60 50 <0.1 90 10 
a24 h reaction. 
bVeratrole (0.1g) was dissolved in hexanes (3 mL). Solvent-free conditions were used for all the 

other trials. 

 

4.3.3 Kamlet-Taft properties of lignin derived ethers 

Kamlet-Taft solvatochromic parameters are the most comprehensive measure of solvent 

properties.99,102  Mathematical combinations of these parameters can be used to predict the solvent 

effect on a variety of parameters such as solubility, rate constants, equilibrium constants and 

spectral frequencies.102 Compounds with similar Kamlet-Taft parameters are likely to perform 

similarly as solvents. Therefore, these parameters can be used to determine which non-renewably 

sourced solvents could potentially be replaced by HLOME.  
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The 3 Kamlet-Taft solvatochromic parameters were scaled to reference solvents. For * 

(polarity/polarizability) parameter two reference solvents were used. Cyclohexane was given a * 

value of 0 and DMSO was given a value of 1.103 For  (hydrogen bond donating ability) parameter, 

methanol was used as the reference solvent and given a value of 1.104 For  (hydrogen bond 

accepting ability) parameter, hexamethylphosphoramide was used as the reference solvent and 

given a value of 1.105  Most solvents have values between 0 to 1 in each parameter.  

     π* and β were calculated from the UV/visible absorption maxima of 4-nitroanisole and 

4-nitroaniline dissolved in the solvent.99 Taft and coworkers assigned an α value of 0 for ethers,102 

therefore, we assumed that the hydrogen bond donating ability of HLOME is negligible. However, 

the presence of a small amount of unreacted hydroxyl groups could give the HLOME some 

hydrogen bond donating ability. 

π* is the ability of the solvent to stabilize a charge or dipole moment and is therefore high 

for polar or polarizable solvents. HLOME has a π* value of 0.57, lower than anisole (0.73), because 

the aromaticity of anisole increases its polarizability. The π* of HLOME is slightly higher than that 

of cyclopentyl methyl ether (0.42). The hydrogen bond accepting ability (β) of HLOME is 0.75. It 

is unsurprisingly larger than anisole (0.22) and somewhat larger than cyclopentyl methyl ether 

(0.53). Aromatic ethers like anisole are known to be much weaker bases than their aliphatic 

counterparts. However, the difference between the β value of the ether mixture and cyclopentyl 

methyl ether was unexpected and may be due to the presence of 1,2-dimethoxycyclohexane and 

other more complex structures. Such components in the mixture may also explain the higher π*. 

4.3.4 Peroxide formation in lignin derived ethers 

A serious safety concern regarding the use of aliphatic ethereal solvents is their potential 

to form explosive organic peroxides over time. For this reason, ethers are often discarded after 3 or 

12 months even if they have been spiked with inhibitors to slow down peroxide formation.6 

Nevertheless, explosions due to peroxide formation in ethers still occur. Ethers that have low 
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tendencies to form peroxides, such as tert-butyl methyl ether106 and cyclopentyl methyl ether,96 

have safety advantages over other ethers and their use is preferred even though they are fossil fuel 

derived. 

The rate peroxidation of methoxycyclohexane, a major component of the HLOME, was 

compared to that of tetrahydrofuran and cyclopentyl methyl ether under air to determine whether 

methoxycyclohexane and, by extension, HLOME, are dangerously prone to peroxidation. The 

ethers were purified, placed in 3 amber vials per solvent under air, and stored in a solvent cabinet 

for a period of 12 weeks to allow peroxides to form. A sample of HLOME mixture was also placed 

in an amber vial and stored under the same conditions. All samples were opened and exposed to 

fresh air once per week. After the 12-week period, the solvents were quantitatively tested for 

peroxide content by iodometry. The results (Table 4.2) show that tetrahydrofuran forms peroxides 

much more quickly than cyclopentyl methyl ether. This result is in agreement with the report by 

Watanabe et al.96 Additionally, no peroxides were detected in either HLOME or cyclohexyl methyl 

ether by iodometry. Therefore, cyclohexyl methyl ether and HLOME have a very low tendency to 

form peroxides, evidently lower than cyclopentyl methyl ether. 

Table 4.2 - Peroxide content in ether solvents after 12 weeks. 

Solvent Peroxide content (ppm) 

Tetrahydrofuran 690 ± 60 
Cyclopentyl methyl ether 36 ± 6 

Cyclohexyl methyl ether none detected 

HLOME none detected 
 

4.3.5 Health and environmental impacts of HLOME 

Organic solvents are used in large quantities in industrial processes and products such as 

coatings, paint stripper, cleaning solutions, adhesives, and inks. In many such applications there is 

no requirement that the solvent be a single pure compound. The volume of solvent usage in such 

applications greatly exceeds the volume of solvents used as media for chemical synthesis. 
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Replacing petroleum derived organic solvents with bioderived solvents could make solvent usage 

more environmentally sustainable, but only if the bioderived solvents do not introduce new health 

and environmental concerns. To this end, we compared the health and environmental effects of 

HLOME to THF, 2-methyltetrahydrofuran (2-MeTHF), cyclopentyl methyl ether and 

methoxycyclohexane in Table 4.3. Health and environmental effects can be compared using 

experimental or computationally-predicted values such as LD50 or using GHS (Globally 

Harmonized System) classifications. The latter approach will be used here. 

Conventional aliphatic ether solvents have significant disadvantages. For example, THF 

has a low flashpoint, strong tendency to form peroxides, high miscibility in water resulting in 

difficult solvent recovery, high energy requirement for manufacture96,107 and is fossil derived. 

MeTHF is a biomass-derived alternative to THF. However, it also has drawbacks such as low flash 

point, rapid peroxide formation, and difficult recovery from water.96 Cyclopentyl methyl ether 

(CPME)96,108,109,110 is a greener and much safer alternative to THF. It has preferable characteristics 

such as a narrow explosion range, wide liquidity range, low rate of formation of peroxides, higher 

flash point and low solubility in water, but it is manufactured from fossil fuels. Ethereal solvents 

that, like CPME, do not form peroxides at a significant rate are particularly needed in applications 

where they may be exposed to oxidants.108,109 

Because we do not have information about the health hazards of HLOME, we had to make 

some assumptions. First, we assumed that HLOME is no more flammable than its most volatile 

component, cyclohexyl methyl ether. However, flammability is the only hazard class measured for 

cyclohexyl methyl ether. As for the acute toxicity of HLOME, we list the GHS code that 

corresponds to the lowest of the predicted LD50 (rat, oral) values predicted by the EPA TEST 

program for the major components of the mixture. We therefore predict that HLOME should have 

acute toxicity and flammability comparable to other aliphatic ethers. HLOME is bioderived and 

has a very low peroxide formation rate. Currently, HLOME mixture has a high energy requirement 
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for manufacture, in part because it was prepared on a gram scale. A fully developed, optimized, 

and scaled manufacturing process would likely have lower energy requirements.  

 

Table 4.3 - Health and environmental impacts of THF, cyclopentyl methyl ether (CPME), 

cyclohexyl methyl ether (CHME), and hydrogenated lignin oil methyl ether (HLOME). 

 THF 2-MeTHF  CPME CHME HLOME 

Energy 

requirement 

for 

manufacture 

High107 Low Low Low Highd 

Explosion 

range[vol%] 

1.84-11.896 1.5-8.996 

 

1.1-9.996 - - 

Freezing 

point (ºC) 

-108.596  -13696  -14096  -74.4111  - 

Flash point 

(ºC) 

-14.596 -1196 -196 20.7e - 

Boiling point 

(ºC)f 

6596 8096 10696 133.4111 133.4-

183.6111,e  

Solubility in 

waterg 

Miscible96 14 g/100g96 1.1 g/100g36 0.8 g/100ge 0.8-3.6 

g/100ge 

Formation of 

peroxides 
High42 High96 Low96 Very low Very low 

Bioderived No Yes112 No96 No Yes 

Flammability 

(GHS)h 

2113 2114 2115  2116 2e 

Acute oral 

toxicity 

(GHS)i 

5113 4114 4115 4j 4k 

cHigher GHS category numbers indicate less hazard. Lack of GHS number indicate that a GHS 

classification has not been indicated. 
dThe energy cost of HLOME is anticipated to be high at present because it has been neither 

optimized nor scaled up. 
eCalculated using Advanced Chemistry Development (ACD/Labs) Software V11.02 (© 1994-2021 

ACD/Labs). 
fBoiling point range of HLOME was assumed according to the boiling points of major components 

in HLOME (methoxycyclohexane, 1,2-dimethoxycyclohexane and 1,3-dimethoxycyclohexane). 

The actual boiling point range is likely to be broader.  
gSolubility range of HLOME in water was assumed according to the solubility of major components 

in HLOME (methoxycyclohexane, 1,2-dimethoxycyclohexane and 1,3-dimethoxycyclohexane. 

The actual solubility range is likely to be broader.  
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4.4 Conclusions 

A mixture of cyclohexyl methyl ethers (“HLOME”) was prepared from lignin pyrolysis oil 

via methylation, supercritical rectification, and catalytic hydrogenation. The final mixture was 

composed primarily of methoxycyclohexane, 1,2-dimethoxycyclohexane and 

1,3-dimethoxycyclohexane. 

The cyclohexyl methyl ether mixture can be used as a solvent or oxygenate fuel additive. 

The Kamlet-Taft solvent properties of the mixture indicate that it is a suitable alternative to THF, 

dioxane, ethyl acetate, acetone and 2-butanone. Furthermore, the solvent does not form peroxides 

rapidly compared to cyclopentyl methyl ether and especially THF. For these reasons, HLOME can 

be considered a bioderived and safer alternative to petroleum derived ethereal solvents or as a fuel 

oxygenate.  

Now that the proof of concept has been achieved, future work will include the development 

of a more efficient conversion of lignin to HLOME, including the use of sulfur-free lignin so that 

the Raney nickel step becomes unnecessary, and a search for reaction conditions and methods to 

decrease the equivalents of reagents required to generate HLOME. Additionally, LOME and 

HLOME will be evaluated for various practical applications in which they could replace more 

harmful or less sustainable liquids. 
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Chapter 5 

Conclusions and Future work 

5.1 Conclusions  

Biomass and CO2 are the only renewable carbon sources available. Compared to CO2, 

biomass is currently more versatile and can be converted to diverse types of compounds. Among 

the various biomass sources, lignocellulose has received considerable attention because it is the 

most abundant and non-edible biomass in the world. Lignocellulose consists of two carbohydrate 

polymers (cellulose and hemicellulose) and one aromatic polymer (lignin).  

In the first part of this thesis, a novel method of making transportation fuel range alkanes 

from a platform molecule (HMF) obtained by processing cellulose and hemicellulose were 

explored. The second part of the thesis described synthesizing a bioderived aliphatic ether solvent 

mixture to replace petroleum-derived solvents. 

In chapter 3, I described efforts toward synthesizing transportation fuel range alkanes (jet 

fuel and diesel) using HMF oligomers. Simultaneous oligomerization/self-condensation and 

hydrodeoxygenation (HDO) of HMF was performed and the resulting products were analyzed by 

1H NMR spectroscopy, MS-EI and GC-MS. 1H NMR spectroscopy confirmed the completion of 

HDO. The presence of high molecular weight compounds (200 – 600 g/mol) in the product mixture 

was confirmed by MS-EI spectroscopy. Alkanes between C9-C18 were also identified by 

comparing GC-MS data to mass spectra from the NIST library and standard compounds. 

The hydrodeoxygenated product mixture consisted of many different alkanes including 

linear, branched, and cyclic alkanes. This suggested that there are many different reactions 

responsible for HMF oligomerization and condensation. HMF oligomerization and condensation 

intermediates proposed in the literature that are consistent with the major GC-detectable alkanes 
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were identified. Furthermore, it was found that the extent of oligomerization/condensation versus 

hydrodeoxygenation can be controlled by changing the concentrations of the reagents.  

In chapter 4, I described a process for converting conversion of lignin pyrolysis oil into 

cyclohexyl methyl ethers. The product ethers could be used as a bioderived aliphatic ether solvents 

to replace fossil fuels. Kraft lignin pyrolysis oil, which contains different phenolic compounds was 

methylated using dimethyl carbonate. The methylated single-ring aromatic compounds were 

extracted using supercritical CO2 rectification. The rectified aromatic ethers were hydrogenated 

using a Rh/C catalyst to make a mixture of aliphatic ethers called HLOME. The solvent properties 

of HLOME were determined using Kamlet–Taft solvatochromic parameters. I found that the 

solvent mixture would be a suitable replacement for aprotic solvents of medium polarity and 

basicity such as THF, dioxane, ethyl acetate, acetone, and 2-butanone. The rate of peroxidation of 

HLOME was compared to THF, cyclopentyl methyl ether, and cyclohexyl methyl ether (a major 

component of HLOME). THF (690±60 ppm after 12 weeks) and cyclopentyl methyl ether (36±6 

ppm after 12 weeks) formed unwanted peroxides. No peroxides were detected in either HLOME 

or cyclohexyl methyl ether. Having a negligible rate of peroxidation is an additional benefit of 

HLOME compared to the ethers with similar properties.  

5.2 Future work 

The observed mass loss after simultaneous oligomerization/polymerization and HDO (see 

chapter 3) was predicted to be due to the yield of hexane being largely undercalculated. This 

hypothesis could be tested by performing the simultaneous oligomerization/polymerization with a 

volatile internal standard. By connecting the high-pressure vessel to the online GC-MS 

spectrometer after the reaction is completed, the amount of hexane could then be quantified using 

an internal standard calibration curve. 

There could be two main reasons behind the production of a large amount of hexane. 

Firstly, perhaps the HDO of HMF is faster than the oligomerization/polymerization of HMF. 
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Secondly, it is likely that most of the oligomeric intermediates do not contain carbon chains longer 

than C6. For example, if the most of the HMF is converted to 5,5′-(oxy-bis(methylene))bis-2-

furfural (OMBF) oligomer, it will produce hexanes upon HDO. To determine the extent of 

contribution of the two reasons, performing a reaction without HDO is recommended. The amount 

of OMBF produced could be determined using HPLC/UV. This could confirm whether OMBF is 

formed as a major product, which would convert to hexane upon HDO.  

If the HDO is too fast compared to oligomerization/ polymerization of HMF, slowing down 

the HDO process will increase the yield of longer chain alkanes. One possible solution is to extract 

the oligomers and hydrodeoxygenate them separately. This will be discussed later in detail.  

However, if the issue is the production of oligomers that do not contain carbon chains 

longer than C6 (such as OMBF), then decreasing the rate of HDO will not help. In that situation, I 

recommend finding ways that favour reactions that produce longer carbon chains, such as aldol 

condensation or Diels–Alder condensation.  

Future work could also consider extracting and hydrodeoxygenating the oligomers/self-

condensation products in a different vessel. According to entry 2 in Table 3.1, the reaction produces 

two main types of oligomers/condensation products. There is a hydrophilic product, which is 

presumed to be OMBF. The more hydrophobic products are likely compounds that form through 

reactions such as aldol condensation, benzoin condensation and Diels–Alder condensation (Figure 

3.5 a). 

The proposed reaction setup for the separate oligomerization/self-condensation and HDO 

reactions is shown in Figure 5.1. The high-pressure vessel 1 will be at a temperature around 50 ºC 

and will contain acid to promote the oligomerization/self-condensation of HMF. The high-pressure 

vessel 2 will be heated to 225 ºC to ensure complete hydrodeoxygenation and will contain the HDO 

catalyst. Both vessels will be under H2. The pressures will be controlled by the backpressure 

regulator connected to vessel 2.  An extraction solvent such as cyclohexane is pumped to the high-
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pressure vessel 1. The hydrophobic liquid phase (hydrophobic oligomers/condensation and 

cyclohexane) is transferred from high-pressure vessel 1 to high-pressure vessel 2 using a dip tube. 

HMF and hydrophilic oligomers are not soluble in cyclohexane, and therefore unlikely to be 

extracted to vessel 2.  The gas phase will be removed from high-pressure vessel 2 to the collection 

vessel to minimize the loss of oligomers and the hydrodeoxygenated products. 

After HMF in vessel 1 has been fully converted to oligomers and the hydrophobic 

oligomers are extracted, vessel 1 will be left with OMBF. Hydrodeoxygenation of OMBF will form 

two hexane molecules due to the cleavage of the ether bond in the in the middle of the carbon chain. 

However, this dimer is stable enough to be isolated, and it can be used as an starting material for 

many other products such as pharmaceuticals, flavor-enhancers in the food industry, and 

polymers.117,2 

 

Figure 5.1 - Proposed reaction set up to extract and hydrodeoxygenate HMF oligomers/ 

condensation products. 

 

 



 

75 

 

In chapter 4, it would be beneficial to examine the potential of using the LOME mixture as 

a replacement for paint strippers. DCM is one of the most common solvents in paint strippers. 

However, there are serious health risks associated with acute and chronic exposure to 

dichloromethane. Acute health effects include lightheadedness, nausea, central nervous system 

depression, narcosis, and cardiac arrest. Possible long-term exposure effects include cancer, liver 

damage and permanent effects on the central nervous system.119 DCM exposure involving both 

occupational and consumer usage from paint removes has been linked to numerous deaths.120 In 

the USA, DCM-based paint strippers are banned for consumer use.120  

Anisole was found to be an effective replacement solvent for paint strippers.121 Since 

LOME contains anisole and other similar aromatic ethers, I hypothesize that LOME will work well 

as a paint stripper. Therefore, future work should examine how a paint stripper solution made using 

LOME mixture compares with an anisole-based paint stripper and a DCM-based paint stripper.   

To reduce the environmental impact of conversion of LPO to HLOME, the hydrogenation 

process needs to be optimized. A precious metal catalyst (Rh/C) was used for hydrogenation LOME 

to HLOME. Rh/C has a high abiotic depletion potential. Therefore, using an abundant metal 

catalyst should be explored. For example, Ni catalysts have been used for hydrogenating similar 

compounds.122 Due to time constraints, hydrogenation catalyst recyclability was not explored in 

this study. Future work may consider exploring hydrogenation catalyst recyclability.  

Furthermore, hydrogenations were performed in a large volume of hexanes. (30 mL of 

hexane for 1.0 g of starting material). Therefore, attempting the hydrogenation  with a lower volume 

of hexanes is recommended. To further improve the environmental impact, replacing hexanes with 

a greener solvent such as scCO2 is recommended. scCO2 has characteristics of a non-polar solvent, 

and comparable to hexanes. Moreover, scCO2 offers advantages over hexanes, as it is non-toxic, 

non-flammable, and easy to remove from the product.123,124,125 
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Desulfurization was necessary for Kraft lignin to prevent hydrogenation catalyst poisoning. 

Therefore, 15.1 g of a RANEY® nickel slurry in alkaline water was used to desulfurize LOME 

(3.12 g) prior to hydrogenation following the procedure described by Field et al.98. RANEY® 

nickel is a flammable and combustible material. It may ignite when contact with moist air or 

moisture. RANEY® nickel fires produce corrosive and/or toxic gases. Inhalation of decomposition 

products can cause severe injuries or death. RANEY® nickel can cause severe burns when contact 

with skin. Moreover, it is carcinogenic and harmful to aquatic life with long-lasting effects.126 

Therefore, another recommendation is to avoid the desulfurization using RANEY® nickel. The use 

of RANEY® nickel can be avoided by using a starting material without sulfur such as sawdust. 

Separating lignin from other cellulose and hemicellulose polymers in sawdust is recommended 

before the pyrolysis. Sawdust is made up of all three polymers: cellulose, hemicellulose, and lignin.  

If sawdust was directly pyrolyzed it would form numerous undesirable products that make the 

rectification and hydrogenation more complicated.127 Lignin in sawdust can be separated using 

processes such as alkaline and/or organosolv methods, which are shown to be very promising routes 

to separate lignin in high yields and high purity.128,129,130  

During the LPO valorization project, methylated LPO was purified using a rectification 

column and a mixture of aromatic single ring ethers (LOME) was obtained. The potential 

applications of LOME are currently limited to the products where mixtures of compounds are 

acceptable.  

However, rectification has been proved to be able to separate individual compounds of 

medicinal components, perfumes and food products.131,132,133 Mudraboyina et al. employed a 

rectification method to extract single ring phenolic components from lignin pyrolysis oil.78The 

authors determined the difference in concentrations of different single ring aromatic components 

(e.g., phenols, guaiacol, catechols) before and after rectification. The rectification method exhibited 

selectivity towards different aromatic compounds. The internal temperature gradient in the column 
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will increase selectivity for some compounds (e.g., guaiacol) in LPO over others (4-

methylcatechols).78 Therefore, future work may consider separating the individual components in 

LPO, so that single ring aromatic compounds could be used for more valuable applications such as 

pharmaceuticals and food flavorings.  
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Appendix A 

Supporting Information for Chapter 3 

 

 

 

Figure A.1 - 1H NMR spectrum of the residue left from the methanol layer after simultaneous 

oligomerization/polymerization and HDO of HMF under standard conditions. The peak at 4.75 

ppm corresponds to residual H2O or HOD in the D2O solvent. The peak at 3.19 ppm corresponds 

to residual methanol left from the solvent.  
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Figure A.2 - 1H NMR spectrum of the residue left from the cyclohexane layer after simultaneous 

oligomerization/polymerization and HDO of HMF under standard conditions. The peak at 7.27 

ppm corresponds to residual CHCl3 in the CDCl3 solvent. 

 

Table A.1 - Elemental analysis results indicating the percentage content of carbon, hydrogen and 

nitrogen in the residue left after removing solvent from cyclohexane layer. 

Trial Content found (%) Sum of C, H and 

N content (%) C H N 

1 84.67 13.49 0.09 98.25 

2 83.97 13.50 0.06 97.53 

3 84.10 13.39 0.07 97.56 
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(a) 

 

(b) 

Figure A.3 - GC-MS chromatogram of standard n-alkane solution. (a) Complete GC-MS 

chromatogram obtained. (b) GC-MS chromatogram between 2.15 – 16.18 minutes. Peaks were 

identified by comparing the obeserved mass spectra to the mass spectra in the NIST library. 

 

Preparation of internal standard calibration curve (calculations) 

Table A.2 - Concentration ratios and area ratios of dodecane and the IS used to make the 

calibration curve. 

Sample Concentration of n-

dodecane/concentration of IS 

Area of n-dodecane/area of 

IS 

A 0.51 0.30 

B 1.27 0.95 

C 3.06 2.96 

D 6.98 7.28 

 

 

,  12-Aug-2020 + 09:06:33C8-C20 alkane mixture standard

3.50 8.50 13.50 18.50 23.50 28.50 33.50
Time0

100

%

de-alkane-mixture-standard Scan EI+ 
TIC

1.48e7

34.283.15

2.15

6.32
4.71

3.18

6.06

7.84

7.23

33.59
31.9530.71

13.079.28 14.22
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Figure A.4 - Internal standard calibration curve for n-dodecane generated using 

hexamethylbenzene as the internal standard. 

 

According to the Figure A.4, 

Area of n − dodecane

Area of IS
= 1.0899 ×

Concentration of n − dodecane

Concentration of IS
− 0.3481 

Concentration of alkanes were determined by rearranging the equation above to 

Concentration of alkanes = (
Area of alkanes

Area of IS 
+ 0.3481) × 

Concentration of IS

1.0899
 

 

Determining the amount of hexane and GC-detectable long chain alkanes (C9-C18) 

produced according to the GC-MS (calculations) under standard conditions  

Steps taken to prepare the sample for GC analysis to determine the amount of hexane and C9-C18 

alkanes produced; After the reaction with standard conditions, the vessel was cooled down to 10 

C and depressurized. Next, 7.34 mL of solution was filtered using a syringe filter to a 20 mL vial 

containing 1.8 mg of hexamethylbenzene. 

 

Calculating the amount of hexane produced under standard 

conditions  
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Table A.3 - Areas and the concentration of IS and hexane. 

 Area underneath the peak Concentration (mg/mL) 

IS (hexamethylbenzene) 3.1106 0.25 

Hexane 4.8106 ? 

 

Area of hexanes

Area of IS
= 1.0899 ×

Concentration of hexanes

Concentration of IS
− 0.3481 

 

Concentration of hexanes = (
Area of hexanes

Area of IS 
+ 0.3481) × 

Concentration of IS

1.0899
 

 

Concentration of hexanes = (
4.8 × 106

3.1 × 106 + 0.3481) ×
0.25

1.0899
= 𝟎. 𝟒𝟒 𝐦𝐠 𝐦𝐥⁄  

 

Amount of hexanes produced = Concentration of hexanes ×  volume of the solvent 

 

Amount of hexanes produced = 0.44 ×  50. = 𝟐𝟐 𝐦𝐠 

 

Mass of HMF used = 920 mg 

Molecular weight of hexane/HMF = 86.18/126.11 = 0.68 

Theoretical yield of hexane (if HMF completely converted to hexane) = 920 mg  0.68 = 630 mg 

 

Percent yield of hexane =  
Actual yield 

Theoretical yield 
 × 100 

 

Percent yield of hexane =  
22

630
 ×  100 = 𝟑. 𝟓%  

 

 

 

 

Calculating the amount of GC-detectable long chain alkanes (C9-

C18) produced under standard conditions  
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Table A.4 - Areas and the concentration of IS and C9-C18 alkanes 

 Area Concentration (mg/mL) 

Hexamethylbenzene 3.1106 0.25 

GC-detectable long chain 

alkanes (C9-C18) 
1.6106 ? 

 

Area of C8 − C18 alkanes 

Area of IS
= 1.0899 ×

Concentration of hexanes

Concentration of IS
− 0.3481 

 

Concentration of C8 − C18 𝑎𝑙𝑘𝑎𝑛𝑒𝑠

= (
Area of Area of C8 − C18 𝑎𝑙𝑘𝑎𝑛𝑒𝑠

Area of IS 
+ 0.3481) × 

Concentration of IS

1.0899
 

 

Concentration of C8 − C18 𝑎𝑙𝑘𝑎𝑛𝑒𝑠 = (
1.6 × 106

3.1 × 106 + 0.3481) ×
0.25

1.0899
= 𝟎. 𝟐𝟎 𝐦𝐠 𝐦𝐥⁄  

 

Amount of C8 − C18 alkanes produced

= Concentration of 8 − C18 alkanes ×  volume of the solvent 

 

Amount of hexanes produced = 0.20 ×  50. = 𝟏𝟎. 𝐦𝐠 

 

Mass of HMF used = 920 mg 

Molecular weight of hexane/HMF = 86.18/126.11 = 0.68 

Theoretical yield of hexane (if HMF completely converted to hexane) = 920 mg  0.68 = 630 mg 

 

Percent yield of C8 − C18 alkanes =  
Actual yield 

Theoretical yield 
 × 100 

 

Percent yield of C8 − C18 alkanes =  
10

630
 ×  100 = 𝟏. 𝟔 %  
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Figure A.5 - Inline GC chromatogram of the vapor phase obtained during the simultaneous 

oligomerization/polymerization and HDO of HMF. 

 

 

Figure A.6 - 1H NMR spectrum of the residue of methanol layer after removing the solvent under 

vacuum. 

 

n-Hexane

Cyclohexane
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Figure A.7 - 1H NMR spectrum of the residue of cyclohexane layer after removing the solvent 

under vacuum. 

 

 

Figure A.8 - GC-MS chromatogram of the cyclohexane layer after simultaneous 

oligomerization/polymerization and HDO of HMF reaction without Hf(OTf)4 
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Figure A.9 - GC-MS chromatogram (method 1) of the cyclohexane layer obtained after 

simultaneous oligomerization/polymerization and HDO with 5 times HMF. 

 

Figure A.10 - GC-MS chromatogram (method 2) of the cyclohexane layer obtained after 

simultaneous oligomerization/polymerization and HDO with 5 times HMF. 

 

 

Figure A.11 - GC-MS chromatogram (method 1) of the cyclohexane layer obtained after 

simultaneous oligomerization/polymerization and HDO of HMF in decane.  
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Determining the accuracy of the calibration curve (calculations) 

Hexamethylbenzene (IS) mass = 31 mg  

Dodecane mass = 9.5 mg  

Cyclohexane volume = 7.1 mL 

Hexamethylbenzene concentration = 3.1/7.1 = 0.44 mg/mL 

Actual concentration of dodecane = 9.5/7.1 = 1.3 mg/mL 

Area of underneath the hexamethylbenzene peak = 4.7 106 

Area of underneath the dodecane peak = 1.4 107 

 

Concentration of dodecane determined using the internal standard calibration curve  

 

Concentration of dodecane = (
Area of dodecane

Area of IS 
+ 0.3481) ×  

Concentration of IS

1.0899
 

 

Concentration of dodecane = (
1.4 × 107

4.7 × 106 + 0.3481) × 
0.44

1.0899
= 𝟏. 𝟑 𝐦𝐠/𝐦𝐋 

 

Therefore, concentration of dodecane determined using internal standard calibration curve agrees 

with actual concentration of dodecane  
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Appendix B 

Supporting Information for Chapter 4 

Table B.1 - Methylation of model compoundsa 

Entry Compoundb DMC (mL) DBU (g) Time (h) 
% yield of 

pure productc 

1 Phenol 2.5 0.5 24 - 

2 Phenol 5 1.25 24 53 

3 Guaiacol 5 1.25 24 85 

4 4-methyl 

catechol 
2.5 1.25 17 96 

5 Eugenol 5 1.25 17 95 

aTemperature = 120 ºC 

b1 g of a model compound was used for each reaction 

cMethylation was completed for all entries except entry 1 

 

Composition of LOME  

Table B.2 - The approximate percent composition of LOMEa 

Compound % of peak area 

4-Methylveratrole 38 

Veratrole 20 

4-Ethylveratrole 11 

3-Methylveratrole 5 

2,3-Dimethylanisole 4 

4-Allylveratrole 2 

Unidentified 20 
aThe mixture composition is approximated by the peak areas on the total ion count 

chromatogram.  
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NMR spectra  

 

 

Figure B.1 - The 1H NMR spectrum of methylated, rectified and hydrogenated LPO mixture 

(HLOME) in CDCl3. The peak at 7.27 ppm corresponds to residual CHCl3 in the CDCl3 solvent. 
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Figure B.2 - The 13C NMR spectrum of methylated, rectified and hydrogenated LPO mixture 

(HLOME) in CDCl3. The peaks at 76.72, 77.04, and 77.36 ppm correspond to the CDCl3 solvent. 

 

 

Figure B.3 - The DEPT 135 spectrum of methylated, rectified and hydrogenated LPO mixture 

(HLOME) in CDCl3. 
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IR spectra 

 

 

Figure B.4 - Overlaid FTIR spectra of HLOME, CHME, and cyclohexanol. 
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