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ABSTRACT 
 
 

Platform chemicals derived from biomass provide a viable alternative to 
petroleum-based fuels, chemicals, and materials. The efficient production of chemical 
building blocks, such as 5-hydroxymethylfurufral (HMF) and furfural, requires an 
optimized catalyst and reaction system, as well as an efficient system in which catalysts 
and products can be easily recovered. While homogeneous acid catalysts have historically 
been a popular choice for furan production, additional safety, material, and corrosion 
considerations motivates the exploration of heterogeneous solid acid catalysts. 
Furthermore, biphasic reaction systems, which use an organic solvent to continuously 
extract products, have shown increased furan yields over aqueous and monophasic 
systems and can allow for easy product recovery if the boiling point is selected carefully. 
One class of heterogeneous catalysts known as zeolites, has unique potential for furfural 
and HMF production with its controlled acidic and structural properties. A novel SAPO-
34/5A zeolite bead is presented in this thesis, showing promise in catalyst design for 
activity, product selectivity, and stability. The combination of optimized solvent systems 
with carefully designed solid acid catalysts lays a framework for the progression of 
platform chemical production from biomass. Additionally, a comprehensive review of 
heterogeneous catalysts for furan production in biphasic systems is presented here, which 
informs decisions on optimized solvent selection. 
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CHAPTER ONE 
 

 
INTRODUCTION 

 
 
 Global chemical production is largely dependent on fossil fuels. Petroleum 

derived products dominate power generation and transportation fuels, and additionally 

make up a large portion of chemicals and manufactured materials. With rising concerns 

about the environmental and economic impacts of petroleum dependency, there is 

motivation to seek alternative sources for fuels, chemicals, and materials.  

 Biomass from plants is recognized as a viable alternative source for fuels and 

chemicals. Since the mid-1980s significant research has focused on biomass as an energy 

source.1 One potential feedstock is lignocellulosic biomass, such as perennial grasses,  

and other food crop wastes, such as corn stover.2-3 Lignocellulosic biomass is mainly 

composed of cellulose, hemicellulose, and lignin (Figure 1). Hemicellulose and cellulose 

are polymers that consist mainly of xylose (C5) and glucose (C6), 2, 4-5 which can be 

upgraded into an array of different chemicals.  

Figure 1. The composition of biomass, such as switchgrass, is broken down into 
cellulose, lignin, and hemicellulose which are valuable feedstocks.  
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From C5 and C6 sugars found in biomass, you can synthesize platform chemicals 

that serve as valuable intermediates for upgrading to a wide range of products (Figure 2). 

Of particular interest are furfural and 5-hydroxymethylfurfural (HMF), both recognized 

in the top 30 value-added chemicals from biomass by the Department of Energy,6 which 

are important building blocks for energy dense fuels and chemicals.7  Furfural has been 

used in bioplastics, pharmaceutical synthesis, and agricultural solvents,8 as well as a 

platform for C10-C15 biofuels. Hydrogenation, rearrangements, and furan coupling 

upgrading for furfural are viable routes to drop-in fuels and diesel hydrocarbons.2 HMF 

has also found applications in bioplastic materials, pharmaceuticals and chemical 

synthesis, solvents, fuels, and even metal organic frameworks.9-10 Polymers such as 2,5-

furandicarboxylic acid are easily derived from HMF and can substitute petroleum 

derived polyethylene terephthalate (PET),11 which has an annual global production  

Figure 2. The reaction pathways of xylose and glucose to platform chemicals furfural and 
5-hydroxymethylfurfural and subsequent upgrading to potential commodity chemicals. 
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greater than 50 million tons.12 Upgrading HMF by oxidation, reduction, hydrolysis, and 

esterification provide routes to many value-added products, including fuel additives like 

2,5-dimethylfuran.13  

 The efficient production of furfural and HMF from biomass and model sugars has 

been a major focus of research and has significantly increased in the last decade.14 

Homogeneous acid catalyzed dehydration of xylose to furfural and glucose to HMF have 

shown high yields in multiple solvent systems2, 9-10, 15-16 and considerable research has 

also focused on heterogeneous acid catalysts, which are less corrosive and do not require 

special handling. Several classes of heterogeneous catalysts, including metal oxides, ion-

exchange resins, carbon-based, and zeolites, have been explored for furan production 

(Figure 3).7, 9, 15, 17-20 Heterogeneous catalysts have unique structural and chemical 

properties, such as porosity and acidity, which can be tuned to increase product 

selecitivity.17, 21 With the potential for increased furan yields, developing efficient 

heterogeneous catalysts has been recognized as core areas initiatives by the Department  

Figure 3. Different classes of heterogeneous catalysts commonly used in biomass 
conversion reactions.  
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of Energy,22 and current research continues to make progress in furfural and HMF 

production to realize the potential of platform chemical production from biomass.  

 In addition to efficient catalysts, solvent systems can also be optimized to increase 

product yields. The simplest solvent for dehydration of biomass and model sugars to 

furans is water, which is favorable for sugar solubility and low cost. However, reactions 

in water often employ homogeneous acid catalysts and have lower furan selectivity, 

resulting in higher biproduct yields.2, 23 The introduction of other solvents to 

heterogeneous reaction systems has the potential to increase furan yields, however, 

additional considerations arise, such as solvent adsorption to the catalyst surface, solvent 

participation in the reaction, and mass transport effects.24 Biphasic systems, which 

employ an organic solvent to continuously extract and protect products from degradation, 

have shown increased furfural and HMF selectivity from biomass and model sugars.10, 14-

15, 18 In the second chapter of this work, a review on heterogeneous catalysts in biphasic 

solvent systems is presented, demonstrating the potential of biphasic systems for 

increased yields.  

 Increasingly popular for furan production are zeolites, a class of heterogeneous 

microporous aluminosilicate catalysts (Figure 4), with unique porous structures and 

tunable acidity that have been explored in a variety of solvent systems.17, 25 The pore 

structure can be optimized with the selection of different frameworks, impacting shape 

selectivity. Additionally, acidity can be tuned by changing the Si/Al ratio, where 

increasing the Si/Al ratio decreases total acidity.17 With their microporous structures, one 

consideration is that mass transport limitations, related to solvent properties, can affect  
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Figure 4. Heterogeneous zeolites have unique tunable properties, including pore 
structure, shape selectivity, and acidity.  

the activity of zeolites since larger molecules, such as sugars, may have difficulty 

diffusing in the small pore channels.24 Zeolites have shown moderate to high furan yields 

in both aqueous and biphasic systems, with a need for focus on catalyst stability in liquid 

phase reactions.2, 10, 17, 25 In the third chapter, a novel SAPO-34/5A zeolite bead catalyst 

for furfural production from xylose, with good stability in aqueous systems, is presented. 

With potential for increased furan selectivity in biphasic systems, heterogeneous zeolites 

provide a promising avenue for platform chemical production from biomass.  

In this thesis, a comprehensive review of biphasic solvent systems for use with 

heterogeneous catalysts for furfural and HMF production from model sugars and biomass 

is presented. With the promise shown by zeolites, the SAPO-34/5A zeolite beads present 

a unique solution to challenges in mass transport and catalyst stability. Careful 

consideration of both solvent system and catalyst activity will lead to the development of 

high furan yield reaction systems from lignocellulosic biomass.  
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CHAPTER FOUR 
 

 
CONCLUSIONS 

 

 The efficient production of platform chemicals from biomass and model sugars 

for use as intermediates in fuel, chemical, and material applications has been a major 

focus of research. Furfural and HMF, derived from sugars in biomass feedstocks, are 

important building blocks for many value-added products. The recent drive towards 

heterogeneous catalysts for furan production provides a viable alternative to 

homogeneous acids, which require additional material and safety considerations. 

Additionally, the exploration of different solvent systems has demonstrated increased 

yields in biphasic systems with all classes of heterogeneous catalysts. In particular, 

zeolites, with their unique physical and chemical properties, provide a new avenue to 

further tune and control catalyst properties that contribute to their activity.  

Although biphasic systems and carefully designed zeolite catalysts have achieved 

moderate to high yields, challenges for industrial realization of these systems remain. As 

outlined in Chapter 2, solvent selection in biphasic systems should also consider 

downstream separations and product recovery. Additionally, the recyclability of 

expensive organic solvents must be considered, as well as if the increased product offsets 

the increased cost. Despite these challenges, biphasic solvent systems achieve high furan 

yields from biomass. Organic solvents, such as toluene and MIBK, have shown furfural 

yields greater than 70% and HMF yields as high as 50% for multiple heterogeneous 

catalysts. Compared to aqueous and monophasic systems, biphasic systems present an 

advantageous approach to furan production.  
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 Zeolite bead catalysts, as demonstrated for the first time in Chapter 3, are an 

unexplored area of heterogeneous catalysts for sugar upgrading. Although only producing 

moderate furfural and HMF yields, the SAPO-34/5A catalysts had excellent recyclability 

and good selectivity to HMF. Careful design of zeolite bead catalysts could lead to high 

yields of furfural and HMF from model sugars and biomass. Additionally, exploration of 

biphasic solvent systems could increase product yields with the SAPO-34/5A zeolite 

beads.   

 Achieving high furan yields from biomass and model sugars requires the 

consideration of both catalyst and solvent system, in addition to reaction conditions. The 

current literature reporting the use of biphasic systems for furfural and HMF production 

shows promise for maximizing yields in heterogeneous catalyzed systems. In a step 

towards increasing yields with carefully tuned catalysts, the zeolite SAPO-34/5A beads 

have shown good activity and stability in aqueous systems. However, beyond extensive 

kinetic studies, complex molecular modeling, and “trial and error” selection there is no 

clear method to optimize catalyst, solvent, and reaction conditions. The path forward to 

realizing the potential of platform chemical production from biomass should seek to 

simplify the development of catalytic reaction systems, which could include relating 

attributes of high yield systems to fundamental properties. Nevertheless, platform 

chemicals derived from biomass have considerable potential to replace petroleum 

precursors in the production of fuels, chemicals, and materials.    
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CHAPTER FIVE 
 

 
RECOMMENDATIONS 

 
 
 This thesis lays the foundation for further research to actualize the industrial 

potential of platform chemical production of furfural and HMF from lignocellulosic 

biomass. Continuing research must seek to simplify the optimization of catalytic reaction 

systems by increasing reaction yields and selectivities with rational catalyst design and 

solvent system selection. One possible avenue to better inform solvent selection would be 

to determine correlations between conversions, yields, selectivities, and solvent 

properties, such as density, water solubility, or polarity, as mentioned in the section on 

solvent selection of Chapter 2. With a comprehensive knowledge of how a particular 

solvent property benefits or impedes high furan yields, a systematic approach to solvent 

selection could be developed.  

 Additionally, heterogeneous catalyst development should continue to relate 

physical and chemical properties to furan yields, such as has been demonstrated in the 

zeolite section of Chapter 2. The SAPO-34/5A zeolite bead catalysts showed moderate 

furan yields from xylose and glucose, however, due to the small pore size of the 

chabazite framework of the SAPO-34, dehydration of sugars is likely diffusion limited. 

Other classes of zeolites, such as mordenite, have larger frameworks which could more 

easily accommodate xylose and glucose molecules. Furthermore, treatments introducing 

mesoporosity into the surface structure could increase furan yields, as was demonstrated 

with the mesoporosity of the SAPO-34/5A beads in Chapter 3. Considering the 

demonstrated success of the zeolite bead catalysts for recyclability, increased 
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mesoporosity, and product selectivity, the concept could be extended to investigate 

different zeolite frameworks, such as mordenite synthesized on 5A bead supports. 

 Additionally, further research into what is happening on a fundamental level 

within the zeolite structure could provide insight into zeolite selection as well. As 

mentioned in Chapter 2, the sugar molecules are much larger than the SAPO-34 pores, 

which leads to the question of where the dehydration reaction takes place. Does it occur 

within the zeolite structure or on external active sites? Exploring different atomistic 

techniques, such as NMR, may elucidate the active sites participating in the reaction on 

the zeolite.  

 A focus on the fundamental properties of both solvent and catalyst in reaction 

systems for furan production from lignocellulosic biomass and model sugars will aid in 

the development of simple, high yield reaction systems. In addition to new experimental 

exploration, further comprehensive review of the literature is needed that brings together 

common trends in multiple catalytical systems. With a planned path forward for 

continued research, furan production from lignocellulosic biomass has great potential as 

an alternative for global chemical production.  
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