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ABSTRACT OF THE DISSERTATION 

 

 

Insights Into Lignocellulosic Biomass Fraction and Subsequent Production to Fructose 

 

 

by 

 

 

Christian Alcaraz 

 

Doctor of Philosophy, Graduate Program in Chemical and Environmental Engineering 

University of California, Riverside, June 2019 

Dr. Charles E. Wyman, Chairperson 

 

Lignocellulosic biomass is an abundant renewable resource that can be converted 

into liquid transportation fuels to reduce greenhouse gas emissions and global dependence 

on petroleum. Cellulose, hemicellulose, and lignin, the three primary components in most 

forms of lignocellulosics, provide plants with structural rigidity and protection against 

microbial attack. Cellulose can be broken down to glucose and hemicellulose to up to five 

different sugars that can be fermented to ethanol and other products.  However, before 

these sugars can be converted to such fuels and chemicals with industrially competitive 

yields, the complex lignocellulosic matrix in biomass must be disrupted by application of 

various pretreatment technologies followed by application of enzymes to breakdown the 

cellulose left in pretreated solids to glucose. 

UCR recently invented a novel pretreatment named Co-Solvent Enhanced 

Lignocellulosic Fractionation (CELF) that uses an acidic THF:water mixture at elevated 

temperatures and pressures to dissolve and recover lignin and hemicellulose sugars with 

high yields and leave solids that are highly enriched in cellulose and highly susceptible to 
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breakdown into glucose with economically viable enzyme loadings.  CELF’s efficacy is 

attributed to its unique THF-water co-solvent properties that facilitate acid cleavage of 

lignin bonds. The exposed cellulose-rich solids can then be saccharified by low doses of 

cellulase enzymes. The resulting glucose can then be isomerized to fructose which can then 

be easily converted to 5-HMF, a platform chemical that is used in the pharmaceutical, 

plastics, and fuels industry. 

This thesis reports on the application of novel kinetic models to understand how 

temperature and time impact lignin and hemicellulose removal during CELF pretreatment. 

Calculated rate constants helped elucidate underlying mechanisms responsible for CELF’s 

efficiency. Additionally, the kinetic models were applied to cellulose solubilization during 

pretreatment and to subsequent enzymatic hydrolysis and consolidated bioprocessing to 

understand what pretreatment parameters impact cellulose solubilization most. Lastly, 

fructose production was combined with enzymatic hydrolysis of cellulose to glucose in a 

novel simultaneous saccharification and isomerization process for the first time. 
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Chapter 1: Introduction 
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1.1 Lignocellulosic Biomass for the Production of Fuels and Chemicals 

Research to advance technologies for conversion of cellulosic biomass into fuels is 

motivated by the need to develop domestically abundant, sustainable fuel sources.1–3  To 

promote this important goal, Congress passed the Renewable Fuel Standard (RFS), which 

mandates 36 billion gallons of renewable fuel be blended with conventional fuel by 2022. 

The program mandates certain percentages of fuel used for transportation, heating oil, and 

aviation be blended with renewable fuel that can be subdivided into four categories: 

biomass-based diesel, cellulosic biofuel, advanced biofuel, and total renewable fuel. 

Furthermore, 46% of the 36 billion gallons of renewable fuel is to be cellulosic biofuels 

(D-3). However, annual production of renewable fuel from cellulosic biomass in 2015 was 

only 142 million gallons, and more research and development is needed to reduce the cost 

so the gap can be reduced between the 142 million gallons produced in 2015 and the 

production goal of 16.5 billion gallons in 2022 (US EPA). Additionally, there has been 

interest in the production of secondary fuel precursors (SFP), e.g., furfural, HMF, and 

levulinic acid, made from the structural sugars that comprise much of cellulosic biomass 

that can be thermo-catalytically converted into “drop-in” fuels that are compatible with the 

existing fuel infrastructure.5,6 A major setback towards reaching RFS mandates is the 

inherent difficulty of accessing the sugars stored in cellulosic feedstocks.7   

Cellulosic biofuel is defined as any fuel that contains the biopolymers cellulose, 

hemicellulose, pectin, and lignin (US EPA 2019). Cellulose is a straight polymer of β-1,4-

linked glucose units.8 The polysaccharides that make up hemicellulose are xyloglucan, 

mannan, glucomannan, mixed-linkage glucan, and xylan.9 Pectin is comprised of a family 
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of polysaccharides of α-D-galacturonic acid linked at the 1 and 4 positions. They are 

primarily comprised of rhamnogalacturonan I and II, homogalacturonan, and other 

polysaccharides including xylogalaturonan and apiogalacturonan. Lignin is a 

heteropolymer composed of 3 aromatic macromolecules: p-hydroxyphenyl (H), guaiacyl 

(G), and syringyl (S).10  Plants use cellulose, hemicellulose, lignin, and pectin for the 

construction of their secondary cell walls in a complex network referred to as 

lignocellulose.8 

1.2 The Production of Fuels and Chemicals from Lignocellulosic Biomass 

The lignocellulosic matrix of the plant cell walls provides excellent structural and 

protective properties for the plant. Unfortunately, that makes it very effective at protecting 

the cellulose, hemicellulose, and pectin from conversion to biofuels. Before any biomass 

can be processed, the feedstock needs to undergo a chemical, physical, or biological 

process, known as pretreatment, to facilitate release of polysaccharides and/or sugars from 

the lignocellulosic matrix.11–13 Removal of lignin has proven to be particularly important 

in promoting biological deconstruction.14  The Co-solvent Enhanced Lignocellulosic 

Fractionation (CELF) pretreatment invented at UCR can remove about 90% of lignin while 

recovering most sugars from hemicellulose in solution, thus leaving the glucan fraction 

highly vulnerable to hydrolysis with high yields at low enzyme loadings.15,16 

Enzymes used in enzymatic hydrolysis (EH) mediate hydrolysis of β-1,4-linked 

glucose units that make up cellulose.  However, because enzyme production is a major 

contributor to operating costs, Clostridium thermocellum has been considered to replace 

fungal enzymes because it produces an impressive array of cellulosomes that can 
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breakdown polysaccharides and can also ferment the sugars released in a single step.17,18 

A few research groups have explored taking advantage of the highly cellulolytic properties 

of C. thermocellum cellulosomes for the production of glucose at high concentrations and 

yields.19,20  

Higher yields of SFP can be achieved from fructose as opposed to glucose.21 The 

advent of High Fructose Corn Syrup (HFCS) production to increase beverage sweetness 

made glucose to fructose isomerization an industrially practiced reaction. On an industrial 

scale, Streptomyces murinus cells are immobilized on a support so their intracellular 

enzyme glucose isomerase can used in multiple batches.22 The isomerization reaction and 

C. thermocellum have similar optimum operating parameters and would theoretically be 

able to convert glucose to fructose simultaneously. Fructose can then undergo a three-step 

dehydration reaction to, “drop in” fuel, 5-HMF.21 An economically feasible way to produce 

fructose from D-3 cellulosic feedstock would be industrially practical to reach RFS volume 

mandates. 

1.3 Goals and Objectives 

 Although fuels and chemicals from lignocellulose is an attractive alternative to 

mitigate greenhouse gases and ensure national energy security, the process from biomass 

to product is still more costly than petroleum refining. Additionally, there is less research 

on commodity chemical production from lignocellulose. The main goals for this work are: 
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• Better understand how Co-solvent Enhanced Lignocellulosic Fractionation (CELF) 

at different operating parameters influence the results from enzymatic hydrolysis 

and consolidated bioprocessing 

• Defining process configurations to maximize fructose production from 

lignocellulose for subsequent SFP production. 

The specific objectives to achieve these goals were to understand: 

a) How hemicellulose and lignin gets removed during CELF Pretreatment at low 

severities using kinetic modeling 

b) The rate at which cellulose solubilization occurs during low severity CELF and 

its subsequent digestibility during enzymatic hydrolysis and consolidated 

bioprocessing. 

c) If wild type Clostridium thermocellum can be paired with glucose isomerase to 

produce a one pot reactor configuration to produce fructose from lignocellulose 

d) If fungal enzymes can be paired with glucose isomerase to produce a one pot 

reaction configuration to produce fructose from lignocellulose 

1.3 Dissertation Organization and Research Approach 

 In this dissertation, Chapter 2 begins with an in-depth literature review of the 

methods available to produce fructose from lignocellulose. The chapter starts with making 

a case for the production of fructose from lignocellulose by highlighting the abundance of 

glucose typically found in lignocellulose and pretreatment technology available to release 

the sugars from it. A description of the historical and current methods for conversion of 

glucose to fructose are described including: homogenous and solid base isomerization, 
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Lewis acid isomerization, and enzymatic isomerization. Additionally, a survey of the work 

done on fructose production from cellulose/lignocellulose was describe to highlight the 

lack of extensive research on the integration of fructose production from lignocellulosic 

biomass. 

 Chapter 3 focuses on developing kinetic models on hemicellulose and lignin 

removal from data obtained from CELF pretreatment on corn stover. The amount of lignin 

present in pretreated solids fed to consolidated bioprocessing (CBP) and enzymatic 

hydrolysis has a dramatic impact on rates of saccharification.23,24 Therefore, understanding 

how temperature and time influence lignin removal during pretreatment can provide 

invaluable insight on effective operating parameters. Xylan removal from the solids and 

recovery in the liquid is necessary to achieve an economic process. Kinetic models can 

provide extensive insight on important parameters that influence xylan removal from the 

solids without it’s degradation in the liquids.  

 Chapter 4 focuses on understanding how varying CELF pretreatment parameters 

has an impact on enzymatic hydrolysis. Additionally, kinetic models were also applied to 

cellulose solubilization data to understand how temperature and time impacts the rate of 

glucose produced in the liquid. Enzymatic hydrolysis rates and yields were analyzed using 

fractal kinetics and the rate constants were plotted against typical pretreatment outputs 

including delignification and severity parameter to understand the tradeoffs in operating 

conditions and final enzymatic hydrolysis rates and yields.  

Consolidated bioprocessing using Clostridium thermocellum has been shown to 

work especially well when coupled CELF23,25,26 but more research is necessary to 
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understand structural changes that occur during CELF that have the largest impact on 

Clostridium thermocellum. In chapter 5, poplar underwent strategic pretreatment 

conditions chosen at constant temperature to produce solids that underwent varying 

pretreatment times. Fractal kinetics was applied to subsequent CBP to understand different 

durations of pretreatment impact the properties of solids. 

Chapters 3-5 can be taken as understanding efficient ways for the deconstruction of 

biomass. Once the factors that influence effective enzymatic hydrolysis and CBP cellulose 

solubilization are understood, chapters 6-7 were focused on coupling those processes with 

glucose isomerization to produce fructose. Chapter 6 focuses on using wild type 

Clostridium thermocellum with glucose isomerase in a one pot and sequential process to 

produce fructose. To develop this process, Avicel is chosen as a model substrate. It is 

essential to understand reaction conditions using an easier substrate before attempting 

lignocellulose. The chapter’s emphasis is on investigating Clostridium thermocellum’s 

ability to produce glucose. Different Biological buffers, pH, and temperature were 

surveyed to find a suitable environment for simultaneous saccharification and 

isomerization (SSI) and sequential saccharification and isomerization. Chapter 7 replaces 

the biocatalyst to produce glucose from lignocellulose with fungal enzymes. First Avicel 

was used for the majority of experiments to understand which conditions (temperature, pH, 

and biological buffer) would work for SSI, and then the process is applied to CELF 

pretreated corn stover using low cellulase loadings. Overall, chapters 6-7 outlines a novel 

process for the production of fructose from lignocellulose.  
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Finally, Chapter 8 highlights the importance of the findings of this dissertation and 

provides future directions for the field of research. Overall, this work has aided in 

understanding the tradeoffs in CELF pretreatment conditions on corn stover and poplar for 

efficient enzymatic hydrolysis and CBP, respectively. Additionally, subsequent 

bioprocessing configurations are evaluated to produce a novel process for the production 

of fructose from lignocellulose. In the process of investigating CELF and developing a 

process for the production of fructose from lignocellulose, key discoveries were made that 

can provide a strong direction for promising research for others in the field, specifically 

people who plan to study CELF pretreatment for biomass fractionation, enzyme 

production, and secondary fuel precursor production from lignocellulose. 
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Chapter 2: Fructose Production as a Renewable Fuel Precursor from 
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2.0 Abstract 

Fructose is a precursor to the platform chemical 5-hydroxymethylfurfural (5-HMF) 

that is important for production of biochemicals and biofuels. Currently, fructose is 

produced from corn starch for High Fructose Corn Syrup (HFCS) by glucose isomerization. 

However, there is very little research on fructose production from lignocellulosic biomass.  

Very recently, several approaches have been developed for fructose production and 

conversion to renewable fuels, but high yields are required to be competitive with 

petroleum-based alternatives. This paper provides an overview of progress on fructose 

production from pure sugars as well as lignocellulosic biomass. In the first part of this 

review, lignocellulosic biomass pretreatment technologies and their applications in 

releasing sugars from lignocellulosic biomass are introduced in brief. Fructose formation 

chemistries and current research on shifting glucose-fructose equilibrium towards fructose 

are explored in the second part. Lastly, progress on converting cellulose to fructose as well 

as research on co-production of xylulose from xylose are summarized. 
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2.1 Introduction 

Renewable hydrocarbon biofuels (RHB) are fuels produced from biomass sources 

and can share similar chemical properties with conventional gasoline, jet fuel, or diesel.1 

Consequently, because many RHBs are considered compatible with the existing 

infrastructure, there is a substantial interest in improving yields for production of “platform 

chemicals” that can be catalytically converted into fungible RHBs fuels.2–4 5-HMF, in 

particular, has received considerable attention as a platform chemical with potential for 

making high octane fuels and polymers.5 Although there are many ways to produce 5-HMF 

from biomass, the literature suggests catalytic conversion of fructose can give the highest 

yields.6,7  

Fructose has been industrially and commercially relevant since soft drink 

manufacturers started introducing High Fructose Corn Syrup (HFCS) as a sweetener in 

their beverages during the latter half of the twentieth century.8 Glucose was an attractive 

alternative to sucrose due to its relative abundance and low cost; however, it did not offer 

the same level of sweetness as sucrose.  Comparatively, fructose, an isomer of glucose, is 

twice as sweet as glucose. Today, around 10 million tons of HFCS is produced annually 

for the food industry.9  However, although the technology to make fructose is mature, there 

are two major hurdles before RHB can be economically produced from lignocellulosic 

biomass derived fructose, i.e., biomass recalcitrance and low fructose yields. In order to be 

economical, high fructose yields need to be realized. Additionally, the cost associated with 

sugars release from lignocellulosic biomass costs need to be considered. 
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This review provides an overview of the historical and recent progress on 

technology for fructose production from pure sugars as well as lignocellulosic biomass. In 

the first part, lignocellulosic biomass, pretreatment technologies, and applications of 

pretreatments to releasing sugars from lignocellulosic biomass are briefly introduced. 

Fructose formation chemistries and current research on shifting glucose-fructose 

equilibrium towards fructose are explored in the second part. Lastly, past and recent 

advances on cellulose to fructose as well as research on co-production of xylulose from 

xylose are discussed, followed by closing thoughts. 

2.2 Lignocellulosic Biomass 

Lignocellulosic biomass has the potential for large-scale production of renewable 

fuels and chemicals with minimal environmental impact.10–12 Lignocellulosic biomass is 

mainly composed of cellulose, hemicellulose, lignin, pectin, and water-soluble 

extractives.13,14 Cellulose is a polymer of β-1, 4 linked glucan units. Hemicellulose, 

depending upon the feedstock type, is a heteropolymer comprised of xylan and (gluco) 

mannan backbone with side substituents made of arabinose, acetate, galactose, and others. 

Pectin is comprised of a family of polysaccharides of α-D-galacturonic acid linked at the 1 

and 4 positions. They are primarily comprised of rhamnogalacturonan I and II, 

homogalacturonan, and other polysaccharides including xylogalacturonan and 

apiogalacturonan.15 Lignin is a heteropolymer composed of 3 aromatic macromolecules: 

p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) lignin.14,16 Cellulose and 

hemicellulose produce large amounts of C6 and C5 sugars, respectively. The approximate 
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glucan content of several of several feedstocks is listed in Table 2.1.17 Feedstocks with 

higher glucan content are good candidates for fructose production at higher mass yields. 

Before cellulose and hemicellulose can be converted to sugar monomers at high 

yields, they need to be freed from the lignocellulosic matrix through a process known as 

pretreatment.18–20 The resulting pretreated solids are highly digestible to enzymes.  The 

combined process  is called pretreatment and hydrolysis and has been studied extensively 

for ethanol production.11,21–23 There are a number of different pretreatment technologies 

available including: biological, physical, chemical, and thermo-chemical, each with their 

own pros and cons.24 

 Biological pretreatment is highly selective but requires long processing times.25,26 

Physical or mechanical pretreatment (such as ball milling, disk refining, electron beam 

irradiation, etc.) has proven to be too costly.27–34 Hydrothermal pretreatment that uses either 

saturated steam at temperatures and pressures below the critical point or supercritical 

water35 requires the lowest capital cost;36 however, it suffers from low sugar yields at low 

enzyme loading required for the process to be economical.24,35–42 Dilute acid flowthrough 

pretreatment can remove half of the lignin while recovering high yields of the sugars from 

the hemicellulose and producing highly digestible glucan; however, it requires large 

amounts of water and energy. Additionally the necessary complicated configuration may 

pose a challenge during scale up.42–51  The highest sugar yields have been realized with 

chemical pretreatments. Common chemical pretreatments include the addition of an 

organic solvent, dilute acid, dilute base, or a combination of the three.  



16 
 

In early 2000, a comparison of hydrothermal batch and flowthrough, dilute acid, 

ammonia fiber expansion (AFEX), lime, and ammonia recycled pretreatment (ARP) were 

all systematically compared for ethanol production using the same biomass, enzymes, mass 

balance approach, and analytical techniques. A description of each pretreatment is 

summarized by Mosier.52 This study showed that the projected cost for all pretreatments 

was nearly the same assuming the oligomeric sugars can be converted to fermentable 

sugars at low costs and fermented at high yields. Although organosolv pretreatments 

applying acetone, acetic acid, butanol, ethanol, formic acid, peracetic acid, or other 

solvents have been shown to be promising; however, low total sugar yields at low enzyme 

loadings and high capital cost are major drawback of these approaches. Nevertheless, more 

recently, the use of organic solvents GVL53 and THF54 during pretreatment have been 

shown to give near theoretical yields of total sugar at low enzyme loadings. Nonetheless, 

in both cases recovery of the solvent is crucial to ensure economical scale up.  

The use of ionic liquids is an active area of research for biomass deconstruction.55 

Ionic liquids are solvents comprised of fused salts containing only ions. Their properties 

can be tailored by careful selection of the liquid ions.56 Typical ionic liquid properties 

include high solvation of inorganic and organic materials, can be miscible or immiscible 

with water, and are non-volatile. 

The use of ionic liquids for the dissolution of cellulose was first implemented by 

Graenacher57 back in 1934. However, about 80 years later, ionic liquid was first applied to 

lignocellulosic biomass by Brandt et al.58 When compared with dilute acid pretreatment, 

the solids produced from ionic liquid pretreatments are more digestible and higher sugar 
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yields are realized after enzymatic hydrolysis.59,60 Using a solvent containing 80% 

[C4C1im][MeSO4 ] and 20% water, Brandt et al.58 were able to get 90% and 25% of overall 

glucan and hemicellulose sugar yields, respectively, from Miscanthus giganteus.  More 

recently, Williams et al.59 showed 90% total sugar yields after enzymatic hydrolysis of 1-

Ethyl-3-Methylimidazolium Acetate pretreated lodge pole pine using 44 mg enzyme per 

gram dry biomass.  

A study on the feasibility of scale up using ionic liquids was done by Li et al.61  

They looked at high solids ionic liquid pretreatment followed by enzymatic hydrolysis. In 

their investigation, they pretreated switchgrass at 15% (w/w) biomass/[C2mim][OAc] 

solids loading for 3 hours at 160°C followed by enzymatic hydrolysis of pretreated solids 

at 2% (w/w) at 50°C at an enzyme loading of 56 mg protein/g glucan of CTec2 and 6 mg 

protein/g glucan of HTec2 for 3 days to ensure fast hydrolysis. Overall, the glucan and 

xylan yields from pretreatment and enzymatic hydrolysis combined were 95% and 77%, 

respectively. Ionic liquids work really well at deconstructing biomass; however, similar to 

some of the organic solvents such as GVL, they are very expensive solvents and it is 

imperative to ensure maximal recovery of the solvent to remain economical.   

Co-production of other higher-value chemicals from the remaining biomass besides 

cellulose would make fructose production more economically viable. For example, xylose 

can be recovered from pretreatment step and subsequently catalytically converted into 

furfural, another RHB precursor, at high yields.62 Pectin, the major biomolecule found in 

the middle lamella between plant cell walls, has been considered a viable functional food 

ingredient.63 Additionally, side products produced from biomass, including acetic acid and 
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formic acid, also show promise for catalytically production of RHB.64,65 Lignin can be used 

to produce electricity and steam through direct combustion, gasification, or anaerobic 

digestion and subsequent combustion.66–70 Recently, more attention has been given to 

lignin conversion to fungible fuels and chemicals.71 

A survey of the literature shows that primary interest in sugar release from 

lignocellulose is for subsequent fermentation to ethanol. However, for RHB production, 

glucose would instead undergo an enzymatic/catalytic isomerization to fructose before 

subsequent dehydration.  

2.3 Homogenous Base Catalyzed Isomerization Chemistry 

Base catalyzed glucose isomerization was the first route in which fructose was 

realized from glucose. In this section, we will discuss the historical developments and 

mechanism of glucose isomerization using soluble base catalysts. 

Glucose to fructose isomerization was first studied in a soluble alkaline 

environment by Cornelis Adriaan Lobry von Trostenburg de Bruyn and Willem Alberda 

van Ekenstein from the  University of Amsterdam and the Government Sugar Laboratory, 

respectively.72,73 The mechanism for alkaline glucose isomerization was named after the 

researchers (LdB-AvE). LdB-AvE has been reviewed well by Dr. Angyal and the 

highlights will be summarized here.74  

The researchers consistently measured a mixture of D-mannose, D-fructose, and D-

glucose in a ratio of 1:4:4 when glucose was in alkaline environment, and concluded that 

the sugars were in equilibrium. However, further research revealed that D-mannose and D-
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fructose were being formed by glucose by separate reactions, i.e., fructose through LdB-

AvE isomerization and mannose through cationic epimerization.  

The first researcher to suggest cationic catalyzed chemistry was Kusin in 193675 

when he noticed no fructose was formed when glucose was reacted in a medium containing 

calcium hydroxide, which contains a divalent cation, but saw fructose with the medium 

containing sodium hydroxide, a monovalent cation. This indicated that perhaps the divalent 

cation prevents glucose to fructose isomerization or even drives fructose to glucose. 

However, about two decades later, Yale J. Topper and Dewitt Stetten76 disproved the 

conversion of fructose back to glucose when they used calcium hydroxide to neutralize 

acidic by products and still measured fructose, suggesting that the divalent doesn’t interact 

with fructose, however, plays a larger role at the start of the reaction. A year later in 1952, 

Sowden and Schaffer presented contradictory results from Kusin when they were able to 

produce fructose when glucose was heated in a solution containing calcium.77 Sowden and 

Schaffer used Lobry and van Ekenstein’s paper as a supportive evidence of divalent 

interaction with glucose for mannose production from glucose.  In summary, these papers 

indicated two separate reactions occurred when glucose was in the presence of a base. One 

is from glucose to fructose and the other is when glucose and a divalent cation is present 

to form mannose. 

Yanagihara78 and Angyal79 elucidated the underlying mechanism of epimerization. 

Both concluded that cations that complex well with polyols catalyze the reaction. Calcium 

hydroxide in particular worked well because of its high degree of solubility in water. 

Angyal further concluded the underlying mechanism to be a carbon-carbon migration. The 
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calcium cation forms a complex with the anionic form of the sugar and holds the sugar in 

a conformation suitable for bond migration from C-2 to C-3. In order to have a sufficiently 

strong complex, the Ca2+ needs to bond with the O-1, O-2, O-3, and O-4 oxygen atoms, 

limiting the sugars that can undergo this reaction (Figure 2.1).74 

 The acknowledgement of two reactions, epimerization and isomerization, was 

important in understanding the underlying mechanism of LdB-AvE transformation. The 

mechanism for LdB-AvE was determined soon after the reaction was discovered in 1895. 

In 1900, Wohl and Neuberg80 hypothesized the reaction to proceed through an enediol 

intermediate. More specifically, the bond between hydrogen and C-2 is broken and then 

reinstated to another carbon atom or in another configuration (See Scheme 2.1).81 

Experiments involving isotopically labeled water were conducted in the following years 

confirming this mechanism.82–84 

 Although the mechanism of LdB-AvE transformation was established, the yields 

of fructose were still very low (~10%). The reaction suffered from poor selectivity of 

fructose because of cation/sugar interactions that was a by-production of using soluble 

bases. Additionally, it was determined that the reaction was in a glucose-fructose 

equilibrium, hence both the sugars were observed in equal amounts. However, in order to 

increase fructose yields, researchers turned towards changing the base catalyst and shifting 

the equilibrium.   

More recently, researchers used amines to increase fructose yields from around 

10% to 30% with ~60% selectivity.85 Amines eliminate cation sugar interaction, thus 
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increasing yields. Yang et. al functionalized magnetic ferric nanoparticles with amines and 

got similar yields to homogenous amines.86  

The largest improvement in fructose yields with soluble base catalysts came with 

the addition of complexing agents that would bind to fructose, hence, shifting the 

thermodynamic equilibrium to produce more fructose.87 Mendicino attempted this first 

back in 1960 where he got around 85% fructose yields.87 He used dilute amounts of NaOH 

and glucose for the LdB-AvE reaction combined with Na2B4O7 as the complexing agent. 

However, , researchers noted that fructose and borate are hard to separate and there has not 

been any published experiments done at higher substrate concentrations.88 Additionally, a 

lot of patents and a papers refute the reproducibility of the results obtained by 

Mendicino.88–90 

Nevertheless, similar high yields can be obtained with sodium aluminate as a 

complexing agent. The first mention of sodium aluminate application to produce fructose 

can be found in a patent filed in 1962 by Haack and coworkers from C. F. Boehringer 

Soehne G.m.b.H in Germany.89 The process involved isomerizing pure sugar around room 

temperature for 8 to 30 hours in the presence of sodium aluminate at around 0.75 mole 

ratio of aluminum to D-glucose. After isomerization, the aluminum is precipitated in the 

form of its hydroxide and removed by suction filtering or acid ion exchangers. Fructose 

isolated as calcium fructosates can be liberated with carbonic acid and recrystallized with 

methanol. The overall process gave fructose yields of 67%.  

Other researchers investigated the mechanism of enhanced fructose yields with 

aluminum. In one such study, Shaw and Tsao reported high fructose yields (>65%) with 
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sodium aluminate91,92, and proposed the mechanism in which the conversion of the β-D-

glucopyranose-1,3,6-aluminate complex into a α-D-fructofurance-1,3,6-aluminate 

complex took place (Scheme 2.2).92 This complex prevented mannose production by 

sterically hindering the protonation of the pi-bond. The acyclic structure of the 1,3-bridged, 

enol intermediate shields the pi-bond. It was also shown that aluminate can be easily 

separated by using phosphoric acid to neutralize the reaction to pH 6.8 and then removing 

aluminum phosphate through centrifugation.   

 In their kinetics paper, Shaw and Tsao showed that the highest fructose yield (60%-

70%) from glucose was realized at low temperatures (~14°C). However, despite high 

yields, this approach appears to be impractical due to the large quantities of phosphoric 

acid required to neutralize the sample.   

Since its early developments at the beginning of the 20th century, glucose 

isomerization using base catalyst has garnered an unprecedented amount of interest. To 

date, however, there is no industrial process using soluble base catalyst, possibly either due 

to low yields and selectivity and/or high separation process cost. Nevertheless, base 

catalyzed isomerization research has now primarily focused on solid base catalyst.  

2.4 Solid Base Catalyzed Isomerization Chemistry 

As mentioned in the previous section, a processing hurdle that comes with using 

soluble catalysts is removing the catalyst from the product stream.  However, an active 

catalyst on a solid support is much easier to separate and a significant amount of papers 

have been published on solid base chemistry. Here we will go over some of the progress 
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made with solid base catalysts applying anion exchange resins, hydrotalcites, mesoporous 

ordered molecular sieves, zeolites in the alkaline exchange form, and metal oxides.  

2.4.1 Anion Exchange Resin 

Isomerization using anion exchange resins was discovered in 1953 by Ludwig 

Rebenfeld and Eugene Pacsu from the Textile Research Institute (Princeton, New Jersey) 

Location?? and the Frick Chemical Laboratory (Princeton, New Jersey) in  ,respectively.93 

Fructose was measured in the product stream after neutralizing hydrolysate of partially 

methylated cellulose with a strongly basic anion exchange resin, Amberlite IRA-400 in the 

OH form. However, they noticed that about 30% of the carbohydrates present were lost to 

acidic by-products. The remaining sugars were found to be 70% glucose and 30 % fructose. 

When the experiment was repeated with fructose instead, the percentage of remaining 

sugars were 54% glucose and 45% fructose. The following year, however, Sowden 

confirmed that the reaction followed the Ldb-AvE pathway as mannose was observed in 

the hydrolysate.94 

Recognizing the commercial viability of a solid base catalyst to drive glucose 

isomerization, David P. Langlois and Roy F. Larson from A.E. Staley Manufacturing 

Company filed a patent in 1954 for the process of converting corn syrups to high fructose 

corn syrup using an anion exchange resin95 [REF]. One practical consideration that is 

mentioned in the patent is the process needs to undergo isomerization in the absence of 

oxygen. The process consisted of 18-20 wt.% glucose solution in contact with Dowex #1 

or #2 ion exchange resin in the hydroxyl state under nitrogen at 52°C for 17.5 hours, under 

which no side products were observed. The resin was prepared by introducing the resin to 
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1.5 wt% NaOH until the resin was 60-70% converted into the hydroxyl state.  The fructose 

yields were around 32% with 12.5% of starting material lost to acidic by products.  

Inspired by the aluminate results previously mentioned by Haack and coworkers89 

and by the work done by Langlois and Larson,95 Rendleman and Hodge from the Northern 

Regional Research Center in Peoria, Illinois sought to determine the feasibility of using an 

anion exchange resin partially replaced with aluminum and hydroxide for the production 

of fructose.90  They prepared their aluminate resins by stirring a strongly basic anion-

exchange resin in 1.3 M sodium aluminate. The respective yields of D-fructose from D-

glucose on the aluminate resin with low hydroxide content at 2°C, 13°C, 23°C, and 35°C 

were 72%, 86%, 62%, and 44%. The highest achievable yield obtained from a resin with 

high hydroxide content was 54%. Additionally, the authors suggested a different 

mechanism than prospered by Shaw and Tsao.92 The first step would be the formation of a 

carbanion intermediate through abstraction by OH- of H-2 of the acyclic aldehyde form of 

the sugar. The author then assumed that the charged carbon atom has a pyramidal geometry 

stabilized by solvation. Abstraction of the 2-OH proton leads to D-fructose through an 

intermediate carbohydrate anion whose charge is delocalized between O-2 and C-1 (Figure 

2.2).90  

Recently, there has been no new investigations on producing fructose from resins 

considering their poor selectivity and thermal stability. Additionally, it was found to be 

difficult to remove adsorbed substrates which prevents recycling of catalysts.  

HydrotalcitesHydrotalcites are group of minerals that belong to the pyroaurite and 

sjögrenite groups that form hexagonal, platey crystal. They typically have the formula 
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Mg3/4Fe1/4(OH)2(CO3)1/8(H2O)1/2,
96 where the Mg2+ can be replaced by other divalent 

cations of similar size and Fe3+ can be substituted by other trivalent cations including Al3+ 

or Cr3+. Discovery of their morphology is excellently summarized by H.F.W Taylor and 

the readers are encouraged to read his paper for more details.96 They were first synthetically 

derived by Feitkneckt in the 1930s97 and have the formula [Mg1-

xAlx(OH)2]
x+[(CO3)x/2•mH2O]x-, where x varied from about 0.1 to 0.34 and m = 1 – 3x/s.  

The unit layer of the structure consist of a positively charged basic layer by substitution of 

Al for Mg, and an interlayer that is negatively charged containing water and carbonate 

molecules.98  The carbonate ion can be replaced with other anions, and the anion’s atomic 

radius determines the thickness of the layer.99 Additional synthetic morphology is 

summarized nicely by Reichle.100  

 It was soon realized that hydrotalcites contained catalytic base properties and were 

employed in aldol condensation,101 alcohol from syngas,102 nucleophilic halide 

exchange,103 and olefin isomerization.104 Moreau et al. were the first to employ 

hydrotalcites for glucose isomerization.105 The catalysts were developed using a procedure 

by Tichit105 by slowly mixing 0.3 mole of MgCl2•6H2O, 0.1 mole of AlCl3•6H2O, 0.8 mole 

of NaOH, and 0.02 mole of Na2CO3 while maintaining the pH between 8 and 10, at 343K 

for 15 hours. The precipitate was washed with wateruntil the solution was free of chloride 

ions (confirmed with the AgNO3 test). The solid was then heated at 313K until dry. The 

result was a hydrotalcite with Mg/Al ratio of 3. Varying the starting MgCl2*6H2O and 

AlCl3*6H2O gave hydrotalcite with Mg/Al ratio of 2.5.  The isomerization reactions were 

carried out by mixing 5 g of glucose with 1 g of catalyst and 50 g of water in an autoclave 
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that was purged with nitrogen to avoid oxygen reactions. The temperature was increased 

to 95°C and the final nitrogen pressure was 8 bar. At the end of the reaction, they measured 

a glucose conversion of 30% and 42% for the glucose to catalysts ratio of 3 and 2.5, 

respectively. The fructose selectivity was 66% and 60% and yields were 20% and 25%, 

respectively. Moreau did further studies on commercial hydrotalcites where it was 

discovered that catalysts in their partial and total hydroxide form were slightly more 

selective and active for fructose than in the carbonate form.106. However, it was noted in 

all cases that after 15% glucose conversion selectivity rapidly dropped. 

Yu et al. looked at the isomerization process after the hydrotalcite was either 

synthesized (HT_A), synthesized and calcined (HT_C), or synthesized and rehydrated 

(HT_R).107 These parameters were chosen because it is well known that the basic properties 

of hydrotalcites are dependent on the structure that may change after thermal 

decomposition (calcination) and rehydration. They kept the Mg/Al ratio at 3 by using a 

coprecipitation method. To prepare HT_C, HT_A was calcined at 450°C for 10 hours in 

air steam. HT_R was obtained by taking HT_C and rehydrating it in decarbonated water 

while stirring in an inert atmosphere at 60°C for 24 hours. After the solution was filtered a 

solid product was obtained that was dried overnight at 80°C. The isomerization reaction 

was carried out by mixing 0.3 g glucose, 0.1 g catalyst, and 10 mL of dimethylformamide 

in a sealed reactor heated by oil bath at 100°C for 1 hour. The yields using HT_A, HT_C, 

and HT_R were about 25%, 22%, and 30%, respectively. HT_C had the highest glucose 

conversion (~77%) but poor selectivity. HT_R showed the highest conversion (63%) and 

a high selectivity when compared to the other catalyst (48%), and was chosen for a 
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recyclability study. However, after further optimization, they managed to get the 

rehydrated catalyst to produce fructose yields at ~35%. 

 Further glucose isomerization investigations were carried out by Palkovits and 

Delidovich where they studied the catalytic activity and stability of hydrotalcites in batch 

and continuous conditions.108 They determined that by-product formation was notably 

suppressed and catalyst stability increased when the catalyst was applied in a continuous 

operation. The best selectivity was seen when using a hydrotalcite with hydrophobic 

surface modification with a 92% selectivity and 30% conversion. They next investigated 

how hydrotalcite structure impacted performance.109  They elucidated the structure 

function relationship of hydrotalcites by tuning crystalline size, dispersion of primary 

particles, and morphology of agglomerates. The best fructose yields were obtained when 

the hydrotalcites were obtained through co-precipitation in an aqueous-ethanol medium at 

pH 9.5 and in an aqueous medium at pH 10. At these conditions, the hydrotalcites had 

optimal textural properties and the highest amount of basic centers. They also noticed lactic 

acid was the major cause of catalyst leaching.  

 Today, reactions involving hydrotalcites for glucose isomerization and catalytic 

upgrading remain very active topics, and there continues to be many more studies for their 

use in biomass.110–113 However, more research is needed to understand on how to increase 

conversion and selectivity to achieve higher yields. 

2.4.2 Mesoporous Ordered Molecular Sieves 

  In 1992, Mobil Research and Development Corporation discovered a new family 

of mesoporous molecular sieve called M41S.114 In their publication, they described various 
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members within the family. MCM-41 was best described as a hexagonal arrangement of 

uniform mesopores with dimension ranging from ~15 Å to greater than 100 Å.  M41S 

materials usually have surface areas above 700 m2 / g and hydrocarbon capacities of 0.7 

cc/g and greater.  

 The first paper to suggest the application of M41S family mesopores for glucose 

isomerization was by  Souza et al.115 Souza et al. was inspired by Kubota who studied 

organic-functionalized molecular sieves (OFMSs) and Silicate-organic composite 

materials (SOCMs) to catalyze Knoevenagel condensation.116 Souza evaluated “as-

synthesized” (catalyst without any pretreatment) M41S family molecular sieves that was 

functionalized with cetyltrimethylammonium (CAT+) cations, making it a hybrid catalyst. 

Martins et al. did a previous study that used SI CP/MAS NMR to determine the basic sites 

for the hybrid catalyst (a catalyst with organic and inorganic sites) and concluded it was 

the ≡SiO-CTA+ ionic pair. The structures that Souza et al. investigated were: [CAT]Si-

MCM-48, [CTA]Si-MCM-50, and [CTA]Si-MCM-41.  The reactions were carried out in 

1 wt% glucose in water at 100°C, 20 bar of He, and 5 wt% catalyst/glucose. The fructose 

yields with [CTA]Si-MCM-41, [CTA]Si-MCM-50, and [CAT]Si-MCM-48 were 2%, 

13.5%, and 17.5%, respectively, after 2 hours. 

2.4.3 Zeolites 

 Zeolites, derived from the Greek words “zeo”, to boil, and “lithos”, stone, were first 

observed in 1756 by A. F. Cronstedt, a Swedish mineralogist.117 Zeolites are hydrated 

tectoaluminosilicates and are constructed from TO4 tetrahedras, where T can be either Si 

or Al and each apical oxygen is shared with an adjacent tetrahedron. Three important 

zeolites for glucose isomerization are Zeolite A, X, and Y. Milton is credited with 
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developing zeolite A118 and zeolite X119 in 1953. A few years later, Breck developed zeolite 

Y.120 The main difference between the different zeolites is their ratio of silica/alumina. 

Zeolite A, X, and Y all have a silica to alumina ratio close to 1.85 +/- 0.5, 2.5 +/- 0.5, and 

3-6, respectively. However, to balance out the -1 charge created by the aluminophosphate 

framework, an alkaline earth or alkaline metal cation is present. Zeolites with alkaline earth 

cations show basic properties.121–123  Barthomeuf investigated the strength of zeolites X 

and Y base catalysts using adsorbed pyrrole and IR, and ranked the zeolites’ basicity as a 

function of alkaline earth cation present as the following: CsX > RbX > KX > NaX > RbY 

> KY.124  

 In the early 1968, Siegal et al. showed that alkaline exchanged zeolites possessed 

low level of β-glucosidase activity.125 This inspired Shukla et al. to investigate the 

hydrolytic and isomerization capabilities of zeolites type Y and X.126 Cellobiose hydrolysis 

was performed at temperature 70°C at an initial sugar concentration of 1% and a catalyst 

loading of 0.1 g catalyst/mL of solution. Soluble NaOH was used as a control. The 

cellobiose conversion for Na-X, Na-Y, and NaOH were 60%, 19%, and 62%, respectively. 

The glucose yields were 15%, 2%, and 2% and fructose yields were 2.4%, 0.5%, and 0% 

for catalysts Na-X, Na-Y, and NaOH, respectively.  

 Another attempt of using zeolites for glucose isomerization was not made until 

2000 by Moreau et al.105. The investigations were inspired by the patents filed by UOP that 

utilized the catalyst for fructose separation, instead of isomerization.127–129 In the paper, 

they conducted isomerization experiments by mixing 5 g of glucose with 1 g of catalyst 

and 50 g of water in an autoclave that was purged with nitrogen to avoid oxygen reactions. 
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The temperature was increased to 95°C and the final nitrogen pressure was 8 bar.  Zeolites 

A, X, and Y were cation exchanged with Li, K, Cs, Ca, and Ba. The respective final fructose 

yields for Zeolite LiA, NaA, KA, and CsA were 17%, 18%, 22%, and 22%, respectively. 

The final fructose yields with LiX, NaX, KX, and CsX were 16%, 17%, 18%, and 19%, 

respectively. Lastly the final fructose yields for LiY, NaY, KY, and CsY were 4%, 6%, 

5%, and 6%, respectively. 

 Looking to explore the influence of added divalent cation species to zeolites, Graca 

et al.130 studied the effect of magnesium impregnation of NaY zeolites on the performance 

of glucose isomerization at 100°C in aqueous medium. MgO has a high intrinsic basicity 

and the investigators aimed to increase their presence in the framework; however, XRD 

results showed no noticeable MgO. The isomerization experiments were conducted in a 25 

mL autoclave at 100°C under 3 bars of nitrogen. The reactions contained 0.5 g of glucose 

dissolved in 5 mL of deionized water. 100 mg of catalyst were used in each case. They 

catalysts used were hydrotalcites, 10 wt% MgO + NaY zeolite mechanical mixture, 

5%MgNaY, 10%MgNaY, and 15%MgNaY. The fructose yields were 35%, 27%, 32%, 

23%, 32%, and 32%, respectively. The impregnation of NaY zeolites with Mg seemed 

promising so the investigators looked at the impact of zeolite structure on Mg-impregnated 

Na-zeolites.130 The base catalysts were NaY, NaMOR, NaBEA, NaZSM-5, and NaFER 

zeolites. The isomerization reactions were carried out as described in the previous 

paragrpah. They tested 5%MgNaY, 5%MgNaMOR, 5% MgNaBEA, 5%MgNaZSM-5, 

and 5% MgNaFER and their respective fructose yields were 23%, 28%, 25%, 34%, and 

23%. Despite 5%MgNaZSM-5 giving the highest yields, 5%MgNaY was the only catalyst 
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capable of recovering its initial activity when regenerated at high temperature. The authors 

concluded by suggesting Y zeolite as the most attractive support for glucose isomerization.  

2.4.4 Metallosilicates 

 The first investigators to perform glucose isomerization experiments using 

metallosilicate solid bases were Lima et al.131 who studied the isomerization capacities of 

Na-ETS-10, K-ETS-10, Na,K-ETS-10, ETS-4, AM-4, AV-1, AV-2, and TOB, and 

compared these catalysts with Na-X.  

ETS-10 and ETS-4 were both discovered by Kuznicki132,133 in 1989 and 1990, 

respectively.  ETS is a family of microporous titanosilicates composed of both octahedral 

and tetrahedral coordinated framework atoms. The Ti in ETS-4 and ETS-10 is six oxygen 

coordinated. ETS-10 has no framework charge, while ETS-4 has two negative charges 

brought by each TiO6 octahedron, which requires the presence of monovalent cations (such 

as Na+ and K+) in the channels. The presence of these cations impart the catalyst with base 

properties. ETS-10’s TiO6 octahedrons organize themselves into chains by corner sharing 

their oxygen and laterally connecting with SiO4 tetrahedras, forming a structure with no 

TiO6 octahedra exposed to the surface of the large channels.134 Cruciani et al. reported that 

ETS-4 has a crystal structure similar to the naturally occurring zorite mineral.135  AM-4 is 

named after the location of the Institutions that discovered the new titanosilicates (Aveiro 

and Manchester). Zhi et al. are credited with the discovery of  AM-n (where n = 1-4).136,137  

AM-1 and AM-4 were two new titanosilicates, AM-2 was a synthetic analogue of mineral 

umbrite and AM-3 of penkvilksite. The crystal structure of AM-4 is described as TiO6 

octahedra and SiO4 tetrahedra formed in layers perpendicular to [001]. Each layer consists 
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of a five tier sandwhich of SiT: TIO: SiT: TiO-SiT (O= octahedral, T = tetrahedral). Na+
 

cations and water molecules are in between the layers and within small cages within the 

layers.136Lastly, AV-1 and AV-2 were discovered by Rocha et al. in 1998.138 AV-1 is a 

synthetic microporous yttrium silicate containing stoichiometric amounts of framework 

sodium and yttrium cations, the typical formula is written as Na2K2Y2Si16O38•10H2O. It 

possess the same structure as montregianite. AV-2 is an alkali calcium silicate hydrate with 

an ideal composition HKCa2-Si8O19•6H2O and is considered an analogue to rhodesite. Both 

of these have alkali cations that are an integral part of their framework. The structure of 

tobermorite was elucidated by Merlino et al.139 It has the approximate composition 

Ca5Si6O17•H2O and consists of polyhedral layers of seven-coordinated calcium cations 

connected through double silicate chains. The polyhedral layers build up a framework with 

two-dimensional channels that contain calcium ions with zeolitic properties.131 

 The Isomerization was carried out by mixing 20 mg of the powdered catalyst with 

50 mg of D-glucose in 1mL of water stirred at 600 rpm in a batch catalytic reactor under 

nitrogen at 100°C131. The highest fructose yields achieved with Na-X, Na-ETS-10, K-ETS-

10, Na, K-ETS-10, ETS-4, AM-4, AV-1, AV-2, and TOB were 21%, 25%, 20%, 23%, 

39%, 34%, 25%, 34%, and conversion of 35%,27%, 33%, 31%, 32%, 48%, 56%, 30%, 

54%, and 51%, respectively. Their respective glucose conversion were:  Interestingly, all 

catalysts had lower fructose yields between the first and third catalytic run with the 

exception AV-1, whose yields actually increased with successive runs (from 25% to around 

30%).  
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2.4.5 Metals and Metal Oxides 

 Inspired by the investigations lead by Kabyemela et al. on supercritical water on 

carbohydrate conversion,140–143 Watanabe et al. and coworkers?? investigated the impacts 

of ZrO2 on catalytic decarboxylation of acetic acid144 and then on glucose 

isomerization.145,146 Isomerization reactions using ZrO2 and TiO2 (rutile) and TiO2 

(anatase) were conducted by loading 0.1 g of glucose and 0.1 g of metal oxides in 1 g of 

water under Ar at 2.5 MPa. The reaction was then heated to 473K for 300 seconds. The 

fructose molar yields of anatase and rutile TiO2 and ZrO2 were 4%, 2%, and 13%, 

respectively. The HMF yields were 3%, 21%, and 4%, respectively. The authors noted the 

seemingly bifunctionallity of anatase TiO2 with regards to glucose conversion. The high 

HMF yields suggested that the catalyst had acidic and basic sites. However, ZrO2 behaved 

more so like a base.  

 In other study, Son et al. used ZrC as a water-tolerant solid base catalyst.147 

Isomerization was carried out by mixing 0.3 g of glucose, 0.3 g of catalyst, and 3 mL of 

water in a closed glass reactor and heated in an oil-bath and stirred at 500 rpm at 120°C. 

They compared the isomerization results of ZrC with HT3, ZrOH, ZrP, Amberlyst A21, 

and Amberlyst A26 OH catalyst and got fructose yields of 34%, 12%, 16%, 19%, 21%, 

and 24%, respectively.  

 In conclusion, solid base catalysts give yields similar to soluble base catalysts with 

the added benefit of recyclability. Great strides were made in understanding solid base 

catalyst chemistry but to date there is no industrial process that uses solid base catalyst. 
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Further improvements in selectivity, conversion, and yields can ensure a more promising 

scale up of this technology. 

2.4.6 Enzymatic Glucose Isomerization 

The history of enzymatic glucose isomerization goes back to 1957 when Richard 

O. Marshall and Earl R. Kooi, from the George M. Moffett Research Laboratory in Argo, 

Illinois discovered glucose isomerase from the extracts of Pseudomonas hydrophila, 

Lactobacillus pentosu, and Pasteurella pesti.148 As mentioned earlier, there was a 

considerable amount of interest in isomerizing glucose to fructose because of the high sugar 

costs at the time and isomerization research was primarily driven for food processing 

application. The GI, however, required an arsenate cofactor, a toxic chemical to humans. 

This made the enzyme ineligible for food processing. However, Yoshiyuki Takasaki and 

Tanabe Osamu, from the Fermentation Research Institute in Japan, discovered a number 

of bacteria and microorganisms that isomerize glucose,149–154 and from their studies they 

were able to file for a patent155 for the isomerization of glucose utilizing enzymes from the 

genus Streptomyces. This caught the attention of the Clinton Corn Company (CCC) who 

quickly licensed the patent produced from the discovery. In 1967, the CCC were the first 

to produce a 15% fructose solution they labeled “High Fructose Corn Syrup 15” (HFCS-

15) from corn starch. In 1972, operating costs were reduced when a reusable immobilized 

glucose isomerase was developed by the CCC. Nevertheless, by 1980, HFCS-55 was 

developed which was as sweet as sucrose. 

Reusable enzymes made the entire fructose manufacturing process economical. 

Methods for glucose isomerase Immobilization are extensively reviewed by DiCosimo et 
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al.9 and only some of the highlights will be discussed here. Currently, there are two 

products that dominate the immobilized glucose isomerase (IGI) market: GENSWEET® 

IGI and Sweetzymes®, both of which use a whole cell crosslinking immobilization 

method. Glutaraldehyde is used as a cross-linking agent after the fermentation broth is 

collected and polyethylenimine, bentonite clay, and diatomaceous earth are added to 

improve the product quality and performance. The composite is dewatered and 

mechanically fashioned into particles by extrusion or marumerization. The product is then 

dried in a fluidized bed dryer. The result is a immobilized GI with a half-life of over 1 year 

when used in a packed bed reactor at 60°C.9 

Today, HFCS production is produced in fixed bed reactors arranged in parallel and 

operate continuously at 60°C. Glucose is derived from corn starch and is converted into a 

mixture of 42% D-fructose, 50% D-glucose, 2% maltotriose, and 6% maltose. To obtain 

55% HFCS grade (used in soft drinks), the 42% grade undergoes chromatographic 

enrichment to 90% D-fructose and then blended with HFCS-42. Magnesium and sodium 

bisulfite are added to maintain the activity of the IGI and act as preservative, respectively. 

Before the final filtration step, the pH is adjusted to around 7.8 and 8.2.9 

Glucose isomerase (E.C. 5.3.1.5) (also known as xylose isomerase) catalyzes the 

reversible aldose to the ketos reaction from glucose to fructose and xylose to xylulose. It 

requires divalent cations, Mg2+, Co2+, or Mn2+ for activity and conformational 

stability.156,157 The KM for D-glucose is higher than D-xylose and ranges between 0.086 M 

to 0.920 M. Enzymatic glucose to fructose isomerization is slightly endothermic with a ΔH 

of 5 kJ per mole and an equilibrium constant (Keq) around 1 at 25°C.9,158  Therefore, at 
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elevated temperatures, fructose is favored. For example, at 60°C and 90°C, the equilibrium 

mixture contains 50% and 56% fructose, respectively.159 Metal ions that inhibit glucose 

isomerase include Ca2+, Zn2+, Ni2+, and Hg2+. Additionally, sugar alcohols including 

xylitol, sorbitol, arabitol, and mannitol inhibit glucose isomerase.8  

Bhosale et al. summarized the proposed mechanisms and investigative techniques 

for enzymatic glucose isomerization in a 1996 review paper.8 In the paper, three hypotheses 

surrounding the mechanism for enzymatic glucose isomerization are mentioned: cis-ene 

diol mechanism, proton transfer, and a hydride shift mediated by metal ions. Investigative 

techniques used to elucidate the mechanism involve: chemical modification of the enzyme, 

X-ray crystallography, and isotope exchange. Allen et al.160 used isotopic and inhibition 

kinetic techniques to provide evidence towards hydride shift (See scheme 2.3). 

Similar to  Mendicino87 attempts for a base catalyzed system, Takasaki161 combined 

glucose isomerase with sodium borate resulting in up to 90% fructose yields. His studies 

were done at low sugar concentrations; however, subsequent studies showed that higher 

amounts of sodium borate inactivated the enzyme.162  Barker et al.162 investigated whether 

3-aminophenylboronic acid (3-APBA) can be used instead of borate. The results were 

proven to be successful and achieved 90% fructose yields. To date, however, there hasn’t 

been a method developed to successfully recycle the germinate anions from the product, 

inhibiting any progress towards commercialization of this process. 

The industrial method for obtaining higher concentrations of fructose is by 

chromatographic enrichment of the product stream, specifically ligand exchange 

chromatography.9 DOW® sells DOWEX™ MONOSPHERE™ ion exchange resins that 
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uses a combination of size exclusion and ligand exchange chromatography to separate 

fructose from glucose. The resin is made up of gel beads that contain pores small enough 

to exclude larger polysaccharides, while letting in sugar monomers. Additionally, the beads 

contain water and calcium ions used for ligand exchange. Glucose and fructose form a 

weak ligand complex with the calcium ion and since the interaction between the Calcium 

ion and fructose is stronger, it traverses through the bead more slowly than the glucose, 

therefore glucose comes out of the column first, followed by fructose.  

Despite being a very robust catalyst, researchers still look for ways to improve 

properties of immobilized glucose isomerase. Straatema et al. summarized the most 

influencing parameters affecting the glucose isomerase activity were: fructose 

concentration, glucose concentration, total glucose and hexose concentration, 

concentration of impurities, oxygen and byproduct concentration, physical loss of catalyst, 

pH, and temperature. 163 Additionally, possible parameters influencing decrease in activity 

were listed as denaturing of glucose isomerase, poisoning of glucose isomerase, pore 

plugging, breakdown of glucose isomerase by proteolytic enzymes, membrane structure 

change due to resistance of substrate and or product transfer increase, and leaching of 

glucose isomerase. The investigation concluded that the enzyme is most sensitive to pH 

and temperature, while oxygen concentration, byproduct concentration, and impurities in 

the feed have a minor influence. The authors further concluded that deactivation is most 

likely caused by denaturation of the enzyme. 

However, to minimize enzyme denaturation, a considerable amount of research has 

been done in making glucose isomerase more thermostable. Inspired by Visuri and 
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Klibanov’s work on organic co-solvent glucose isomerization,164 Tewari’s work on 

temperature induced glucose: fructose equilibrium shifting,165 and the discovery of 

thermophilic glucose isomerase from Clostridium thermohydrosulfuricum,166 Nilsson et 

al.167 compared isomerization of D-glucose in ethanol-water mixture at temperatures 40-

70°C employing glucose isomerase from Steptomyces phaeochromogenes and Clostridium 

thermohydrosulfuricum. The authors concluded that Clostridium strain was more stable 

towards the combination of organic solvent and temperature and was able to get 55% 

fructose yield at 40 wt% ethanol concentration. The same results were seen when ethanol 

was replaced with tetrahydrofuran.  

The Nilsson et al.167 and Visuri and Klibanov164 work inspired Vilonen to attempt 

glucose isomerization in acetone.168 Additionally, Vilonen utilized cross-linked protein 

crystal technology (CLPC) to cross-link Strepomyces rubiginosus glucose isomerase 

crystals. CLPC forms an active, insoluble protein matrix that is considered microporous169 

and mechanically robust.170 Additionally, the protein matrix has the ability to separate 

various compounds169,171 and showed improved stability against proteolysis,172,173 stability 

against organic solvents,172,174,175 and thermostability.164,172 The work showed that, at 50°C 

in pure malate buffer (pH 7.2), the reaction yielded 49% fructose; however, 64% fructose 

yield was realized when isomerization was done in 90% acetone. Activity study showed 

that enzymes maintained 70%-80% of their initial activity after incubation for 24 hours in 

10-90% acetone; however, only 2% of the initial activity remained when the catalyst was 

used in 50% ethanol.  
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Besides chromatography techniques, there is substantial research on enriching 

fructose by using alternate reactors. Borges da Silva et al.176 by utilizing a simulated 

moving bed reactor (SMBR), which combined three separation stages containing ion-

exchange resins with a series of reaction stages using an IGI fixed bed reactor, attained 

high fructose yield of 90 %. However, this system was first proposed by Hashimoto et al. 

(See Figure 2.3).177 Another way to shift the equilibrium towards fructose is by product 

removal. This is the basis for the reactor designed by Alipour et al.178,179 Inspired by the 

work done by Li et al.180, where naphthalene-2-boronic acid was used to extract xylulose 

from xylose, Alipour and coworkers used the system for extraction of fructose from 

glucose after isomerization. By using multistage extraction and isomerization, fructose 

yields of 89% were achieved. The process was also used for the production of glucose to 

5-HMF178 and Levulinic acid.179  

Although enzymatic glucose isomerization is the most ubiquitous method for 

fructose production, solid Lewis catalysts have gained popularity in recent years.181 Similar 

to solid base catalyst, the aim to implementing these catalysts is to increase fructose yields 

without drawbacks that come from using enzymes for fructose production, i.e., pre-reaction 

purification, use of buffers, limited operation temperature parameters, and increased cost 

due to decay in enzymes activity.182 

2.5 Solid Lewis Acid Catalysts  

 

Lewis acid catalyzed glucose isomerization received attention much later than base 

catalyzed isomerization reactions because of the detrimental impact water had on their 

activity.183 However, solid Lewis acids and metal salts were shown to have isomerization 
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abilities.184–186 In this section, we will review glucose isomerization work on lewis acid 

catalysts. 

2.5.1 Metal Organic Frameworks  

 

Metal organic frameworks (MOFs) were first proposed by Hoskins and Robson.187  

They describe MOFs as a “new and potentially extensive class of solid polymeric materials 

with unprecedented and possibly useful properties.”187 The following year they published 

on the utility of MOF’s in catalysis.188 In general, MOFs are porous polymeric materials, 

consisting of organic bridging ligands linked together with metal ions.189  

 Akiyama et al. were the first to attempt isomerization of glucose in an aqueous 

environment using MOFs.190 The catalyst they used were MIL-100 and MIL-101, which 

they compared with Amberlyst-15 and chromium (III) oxide. MIL-100 was first developed 

by Ferey at al.,191 and described the material as a highly crystalline solid with chemical 

composition Cr3F(H2O)3O[C6H3-(CO2)3]2•nH2O, where n is around 28. MIL-101 was also 

developed by Ferey et al.,192 and has chemical formula Cr3F(H2O)2O[(O2C)-C6H4-

(CO2)]3•nH2O. Both MIL-100 and 101 are known to be highly porous, thermodynamically 

stable at 100°C, and have an active chromium metal atom site, making them good 

candidates for glucose isomerization. Derivatives of MIL-101 were composed of 2,5-

dimethylterephthalate, nitroterephthalate, sulfoterephthalate, and aminoterephthalate. 

They are denoted as 1-(CH3)2, 1-NO2, 1-SO3H, and 1-NH2, respectively. The isomerization 

reactions were carried about by mixing 25 mg of glucose, 200 mg of catalyst, and 2 g of 

water in a rotating autoclave at 373 K for 24 hours. The fructose yields for catalyst Cr2O3, 

MIL-100, and MIL-101 were 1.2%, 3.8%, and 12.6%, respectively. The fructose yields for 
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the MIL-101 derivatives 1–H, 1-NH2, 1-(CH3)2, 1-NO2, and 1-SO3H were 12.6%, 10.9%, 

11.5%, 18.4%, and 21.6%, respectively.  

 However, more recently, Oozeerally employed a modified UiO-66 MOF catalyst 

for glucose isomerization.193 UiO-66 is a zirconium(IV) containing porous solid with 

benzene-1,4-dicarboxylate (BDC) linkers, and was first discovered by Cavka et al. from 

the University of Oslo (hence the name “UiO”).194 It is stable in air, up to 500°C, and 

hydrothermally inert. The catalyst receives it’s Lewis acidity from its coordinately 

unsaturated Zr4+ that form defects in the structure.195 Oozeerally was Inspired by the work 

of Foo et al., who determined how to functionalize Brønsted acid groups to UiO-66,196 and 

by Chen et al., who produced 5-HMF from fructose using functionalize Brønsted acid 

groups on UiO-66.197 The UiO-66 MOF catalyst was bifuntionalized with Lewis and 

Brønsted acid sites by partially replacing the BDC with 2-monosulfo-benzene-1,4-

dicarboxylate (MSBDC). They synthesized two different modified UiO-66 catalyst, UIO-

66-MSBDC(10), and UiO-66-MSBDC(20); the last number refers to the mole % of 

MSBDC linker of the total linker content. The isomerization reactions were conducted by 

mixing 10 mg of catalyst with glucose at 10 wt% substrate loading in a sealed 4 mL reaction 

vial for 3 hours at 140°C. The fructose yields for UiO-66, UiO-66-MSBDC(10), and UiO-

66-MSBDC(20) were 7%, 16%, and 21%, respectively. The HMF yields were 4%, 6%, 

and 6%, respectively. During their recyclability runs, they noted that each catalyst did not 

lose activity. 

 Guo et al.198 observed that increasing the amount of acid glycine in a MIL-101 

synthesis mixture increased the amount of co-precipitated Cr(OH)3 nanoparticles. Carbon 
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free particles of Cr(OH)3 were obtainable in the absence of BDC linkers and were labeled 

Cr(OH)3-[GLY].  Additionally, when using the composition 1.0Cr:0.8BDC:265 

H2O:0.8GLY, the investigators noticed Cr(OH)3 particles embedded themselves into the 

MIL-101 crystals, and this catalyst was named MIL-101-[GLY]. Guo et al.’s set up was 

inspired by Saravanamurugan et al., who first proposed a reaction pathway that promised 

higher fructose yields by shifting glucose-fructose equilibrium by combining isomerization 

with ketonization of fructose to ethyl fructoside.199 Ethyl fructoside can easily hydrolyze 

to fructose using water. Guo et al. tested the new MIL-101-[GLY] catalyst by mixing 1 

wt% glucose in ethanol (3.564 g of ethanol) at 100°C for 24 hours in 0.013 wt% catalyst. 

After quenching the reaction, 4.8 g of water was added to perform hydrolysis at 100°C for 

24 hours. The glucose conversion, fructose yields, and HMF yields were 76.5%, 59.3%, 

and 1.4%, respectively.   

 de Mello and Tsapatsis further investigated glucose isomerization in alcohol 

solvents.200 Their study was inspired by the work of Xi et al.,201 who showed that activity 

can be increased in UiO-66 by acid modulation of the catalyst, and by Shearer et al.,202 who 

concluded defect formation of missing clusters correlated well with the acidity of the 

modulator. De Mello and Tsapatsis tested out their defect free UiO-66 (labeled UiO-66-Id) 

and their modulated UiO-66 (labeled UiO-66-Fm) in MeOH, EtOH, and 1-PrOH. 

Isomerization experiments were carried out by mixing 7 mg of catalyst, 5 mL of solvent, 

and 0.04 g of glucose in a 20 mL thick-walled glass reactor, sealed, and heated to 90°C. 

For the hydrolysis portion of the reaction, 5 g of water was added to aliquots of the solution 

during specified reaction times within 24 hours at 90°C. The results showed methanol 
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completely suppressing the formation of fructose, and the highest yields were obtained in 

the solvents with the highest alkyl chain (1-proponal).  The modulated UiO-66 

outperformed UiO-66-Id and got the highest glucose conversion and fructose yield, 82% 

and 56%, respectively.  

2.5.2 Sn-Beta and Others  

Sn-Beta, a zeolite with BEA topology containing isolated tin tetrahedrally 

coordinated in the zeolite framework, was first developed by Camblor et al.203 It was later 

discovered to have chemoselective catalytic properties by Corma et al.,204 and had shown 

isomerization properties for dihydroxyacetone, glyceraldehyde, and glucose 

isomerization.205–207 Traditionally, the catalysts would be synthesized using fluoride anion 

as a mineralizing agent, with a crystallization time around 40 days182 or by using a modified 

seeding methods with crystallization times around 2 days.208 The tin in the zeolite acts as 

a Lewis acid catalyst for intramolecular hydride shift for glucose to fructose 

isomerization.209 According to Bermejo-Deval et al., the Sn-Beta provides a hydrophobic 

environment where glucose changes in the pyranose form, turns into the acyclic form near 

the Lewis acid center, isomerizes into the acyclic form of fructose, and then turns into the 

furanose form of fructose (See Scheme 2.4).210  Investigations using Sn-Beta in glucose 

solutions at temperatures 80°C-140°C resulted in fructose yields of ~30%. 182,208,211  

As noted previously, glucose can undergo selective epimerization in an alkaline 

environment in the presence of divalent cations. However, Gunther et al. showed that Sn-

Beta can also facilitate the epimerization reaction when aldose is in aqueous media in the 

presence of borate salts.212 Using NMR, the proposed mechanism was shown to be through 
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a 1,2 carbon shift where the bond between C-2 and C-3 is cleaved and a new bond between 

the C-1 and C-2 is formed, with the C-1 moving to the C-2 position with an inverted 

configuration. The borate-sugar complex provided the rigid framework for the carbon shift 

to occur at the active site in the zeolite. The isomerization reaction was carried out by 

mixing metal: sugar at a 1:100 molar ratio with sodium tetraborate at 10:1 sugar: borate 

ratio in a 5 wt.% glucose solution heated at 358K for 60 minutes. The resulting mannose, 

fructose, and glucose yields were 21%, 3%, and 76%, respectively. The results may lead 

to future research applied to other classes of oxygenated molecules and more general 

reactions. Specifically, the researchers are interested in potential linking their results and 

silicate stabilized formaldehyde coupling sequences213–215 and carbohydrate synthesis in 

the presence of Lewis acidic salts.216,217 

 Moliner et al. screened a series of silica materials containing either Sn or Ti metal 

centers for glucose isomerization activity.182 Ti and Sn were incorporated into large pore 

zeolites (Beta), ordered mesoporous silica (MCM-41), and medium-pore zeolite (TS-1). 

The isomerization experiments were carried out by stirring catalysts in a 10 wt% glucose 

solution in water at a 1:50 metal:glucose molar ratio for 90 minutes and 413 K. The 

corresponding fructose selectivity for the blank, TS-1, Ti-Beta, Ti-MCM41, Sn-Beta, and 

Sn-MCM41 were around 10%, 5%, 42%, 28%, 30%, and 40%, respectively. The glucose 

conversions were 5%, 7%, 50%, 20%, 80%, and 30%, respectively. The results heavily 

favored Sn-Beta and Ti-Beta. Additionally, it can be inferred from the comparison between 

TS-1 and Ti-Beta that glucose can diffuse into Beta zeolite but not TS-1. Research by Jae 

et al. further confirmed the inability of glucose diffusion into the medium-pore zeolites 
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when they attempted to produce aromatic molecules from glucose but were 

unsuccessful.218 Pore size was also seen as the main drawback to Sn-MFI as an 

isomerization catalyst. Sn-MFI was first developed by Skeels et al. at UOP by post-

synthesis treating ZSM-5 to prepare Al- and Sn- or Cr-containing MFI (Sn-Sil-1 molecular 

sieve with Si/Sn >15).219 The synthesis mechanism was first thoroughly characterized by 

Mal et al. using MAS NMR and NMR techniques.220 Compared to Sn-Beta, Sn-MFI had a 

shorter synthesis time and required no toxic HF.211 This inspired Lew et al.211 to consider 

it as a replacement for Sn-Beta for glucose isomerization. A big structural difference 

between Sn-BEA and Sn-MFI is their pore size ,MFI has a ten membered ring pore size 

while BEA has 12. Catalytic isomerization properties were tested by adding 1:50 Sn:sugar 

molar ratio to a 10 wt% sugar solution at 90°C for 210 minutes. SN-MFI resulted in 4% 

fructose yields while it was 34% with Sn-BEA.  

 Another potential drawback for Sn-BEA is its poor thermal stability supposedly 

due to its large number of hydrophilic silanol groups located at defects sites on its external 

surface area and voids.221–223  In order to develop more thermally stable  catalysts, Guo et 

al. considered Sn-MWW as a potential replacement for typical Sn-Beta.224 Zeolite MWW 

also known as MCM-22 (M-tWenty-two) was first synthesized by Ruben and Chu at 

Mobil225 and was first characterized by Leonowicz.226 MCM-22 contains two independent 

pore systems. Both pore systems can be accessed through rings composed of ten tetrahedral 

atoms (could be T, Si, Al, or B). One of the pore systems is defined by two –dimensional 

sinusoidal channels. The other consists of large supercages with an inner diameter of 7.1 

angstroms and is composed of 12 T-O species and inner height is 18.2 angstroms.226 MCM-
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22 holds great promise for the conversion of bulky substances such as the cracking of linear 

n-alkanes and alkylation of benzene.223,227–229 The incorporation of Sn into vacant 

tetrahedral sites in BEA zeolite using a post synthetic modification method was first 

pioneered by Hammond et al.,230 and inspired Guo et al. to incorporate Sn into MCM-22. 

Glucose isomerization experiments were carried out by mixing 40 mg of catalyst with 278 

mg of glucose in 2.5 mL of water and heated to 140°C for 1 hour. The resulting fructose 

yield was 9%. The same yield was reported when the solvent was changed to methanol and 

heated for 4 hours. Again, the culprit for the low yields may be small pore size. 

To combat the diffusion limitation imposed by the frameworks of zeolites, 

researchers have taken multiple approaches in improving zeolite utilization. These 

approaches include widening the zeolites pores, creating nanosized zeolites having only 

intercrystalline pores or voids, creating zeolite composites (zeolite crystals grown on a 

mesoporous or macroporous support), or mesoporous zeolite crystals which exhibit 

intracrystalline mesopores.231–234 van der Graaff et al.235 investigated Sn-modified MWW, 

MFI, MOR, and Beta zeolites by a post-synthesis Sn functionalization method. The 

influence of the Sn content, the textual properties, and zeolite topology on the catalytic 

performance of the Sn-modified zeolites were investigated. Of all the zeolites prepared, 

only Sn-Beta and large-pore Sn-MOR were active in glucose isomerization. The 

isomerization reactions were carried out by mixing 40 mg of catalyst in 2.5 mL of 125 mM 

glucose in water for 6 hours at 100°C. The best results were seen with Sn-Beta with fructose 

yields of about 30%, then Sn-MOR (10%), and finally Sn-MFI-nano (3%). 
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Although an interesting zeolite application that can further understanding in Lewis 

acid/substrate interaction, Sn-Beta zeolites have to overcome large process hurdles before 

becoming commercially viable for fructose production. Synthesis of the catalyst is labor 

intensive and time consuming. Additionally, it seems that pore diameter plays a crucial role 

in the activity of the catalyst and there has yet to be another zeolite structure to overcome 

the yields generated by Sn-Beta. The role of pore size is investigated further through use 

of Density Functional Theory studies.   

2.5.3 Density Functional Theory Approaches Towards Understanding Lewis Acid Glucose 

Isomerization 

Nicholas et al. summarized the importance of combining Density Functional 

Theory (DFT) with experiments to enhance our understanding of zeolite chemistry.236 DFT 

has shown promise in understanding biomass conversion mechanisms,237–239  and the active 

sites of Sn-BEA for glucose activation have been studied extensively using DFT.210,240–242 

Li et al., inspired by the work done on Sn-BEA,182 Sn-MFI,211 and Sn-MWW,224 used 

theoretical methods to investigate the reaction mechanism of glucose to fructose 

isomerization catalyzed by Sn-MOR, Sn-BEA, Sn-MFI, and Sn-MWW.243 Specifically, 

investigations focused on the influence of the nature of the zeolite topology and of the 

active site on the rate-controlling hydride shift step. Using a partially hydrolyzed 

(SiFOF)3SnOH (whre OF and SiF stand for the oxygen and silicon atoms of the zeolite 

framework, respectively) group in the zeolite framework as the active site for 

Isomerization, they found the proximate hydroxyl groups strongly promoted Sn-catalyzed 

isomerization of glucose. The hydroxyl groups can be derived from internal silanols or 
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from co-adsorbed water molecules. More effective compensation of the negative charge 

developing on the O1 atom of glucose during the rate-controlling hydride shift is the result 

of having more cooperative action of the proton donors with the Lewis acidic Sn sites. The 

mode and strength of the carbohydrate adsorption is strongly correlated with the variation 

in the shape of the micropores. The interaction is dominated by van der Waals forces. The 

narrow 10 membered ring pores found in Sn-MFI and Sn-MWW adversely affect the 

intrachannel diffusion by increasing the glucose adsorption energy. However, Sn-MWW 

showed the highest catalytic performance for glucose transformation due to the lower 

barrier for the hydride shift step because of the presence of a strong acidic bridging silanol 

group next to the Lewis acidic Sn site. This mechanism remained consistent with  the 

experimental results of Bermejo-Deval et al. with Na-exchanged Sn-Beta.244  

Solvents have a large impact on glucose isomerization using Sn-Beta. Using 

periodic DFT, van der Graaf et al.245 proposed that sugar and water compete for adsorption 

on the active Sn centers in the framework. This was tested with experimental data that 

showed glucose isomerization was heavily suppressed when performed in the presence of 

THF (which strongly interacts with the Sn center).  

Additionally, much computational research has gone towards understanding the 

competing epimerization of glucose to mannose. Bermejo-Deval et al. suggested that Lewis 

acidic open Sn sites with Na-exchanged silanol groups are the active sites for glucose-

mannose epimerization through 1,2 intramolecular carbon-shift (CS).244 Rai et al. further 

investigated epimerization on Sn-Beta zeolites by investigating the role of the silanol 

groups.242 Using DFT, they proposed epimerization proceeds via a mechanism similar to 
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the Bílik reaction, and concluded that the reaction has a lower activation barrier when the 

silanol group does not participate in the transition state. 

Christianson et al. challenged the CS mechanism by investigating the possibility of 

a double hydride transfer (HT), one from glucose to fructose and then from fructose to 

mannose.246 This mechanism was similar to the one proposed by Choudhary et al.237 for 

xylose to lyxose conversion. Christianson et al. calculated the barrier of a second HT from 

fructose to mannose and compared that to the barrier of glucose to fructose. Additionally, 

they sought to elucidate the role of Na and methanol of the mechanism.246 In their 

investigations, they found that two subsequent HTs from glucose to mannose were 

plausible. Additionally, they concluded Na exchange influenced either CS or HT by 

electrostatic stabilization and the effect was independent of flexibility or geometric 

constraints. Lastly, they determined the experimentally observed increase in glucose 

conversion in the presence of methanol is due to the difference in solvation of the 

hydrophobic pores. 

 Using DFT, Josephson et al. surveyed 144 distinct open site structures in Sn-Beta, 

and showed that the most stable configuration of Sn-BEA open sites features the SiOH 

group opposite of the SnOH group and facing away from the SnOH.247 This configuration 

of Sn-BEA conflicted with the ones mentioned earlier by Rai et al.242 and Christianson et 

al.246 Additionally Li et al. asserted the importance of attendant selectivity shift upon Na 

exchange due to the absence of water in the vicinity of the active sight.248 Using periodic 

DFT, they identified two competing epimerization pathways: 1,2-hydride shift of fructose 

and 1,2-carbon shift of glucose. In Sn-BEA, the isomerization of fructose is kinetically 
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dominant and mannose is formed by 1,2 hydride shift. In Na-Sn-BEA catalyst, mannose is 

directly formed via 1,2 carbon shift only in the presence of water in the vicinity of the 

active site, whereas isomerization is preferred when water is not present. Furthermore, they 

asserted the polar water molecules, that coordinate around the Na+ screen the electrostatic 

interaction between Na+ and the glucose backbone, the electrostatic interaction is 

responsible for 1,2-carbon shift, thus favoring 1,2 hydride shift. Similar results were 

reported Yang et al.249  

2.5.4 Soluble Lewis Acids 

Metals salts have been employed in aqueous solution, organic solvents, and ionic 

liquids for glucose isomerization. CrCl3 and AlCl3 have been identified as exceptional 

metal salts for glucose isomerization.In this direction, Choundary et al. compared the 

mechanisms and glucose isomerization capabilities of homogenous catalysts with 

heterogeneous Sn-Beta.250 Using Isotope labeling and NMR spectroscopic investigations, 

they confirmed that the all three catalysts have the same mechanism and have bifunctional 

lewis-acid/lewis-basic sites. 5-HMF and formic acid were by-products of the isomerization 

reactions. Kinetic measurements were performed for CrCl3, AlCl3, and Sn-Beta and their 

kinetic isotope effects for glucose isomerization were 1.77, 1.71, and 1.98 for temperatures 

413, 413, and 383 K, respectively. The similarities in homogenous and heterogeneous 

mechanisms could open the possibility for more investigative opportunities on solid 

catalyst by studying the easier homogenous systems.   
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2.6 Enzymatic Conversion of Cellulose to Fructose 

Understanding glucose to fructose isomerization is an important step for increasing 

yields from biomass to renewable fuels. However, as noted above, a substantial portion of 

research has been dedicated to starch or sugar cane derived glucose. Here we summarize 

research on catalyst and process developments for cellulose to fructose production. To the 

best of the knowledge of the authors, all papers that focus on cellulose conversion to 

fructose use an enzymatic route. 

 Storey and Chakrabarti created a novel cellulase, beta-glucosidase, and glucose 

isomerase catalyst that was used for fructose production from cellulose.251,252 Catalyst 

containing 30 U of immobilized cellulase, 2 U of beta-glucosidase, and 18 U of glucose 

isomerase was mixed in a vessel containing 1% microcrystalline or carboxymethyl 

cellulose and 3.0 mM of Mg2+
 at pH 7.  The productresulted from reaction contained sugars 

at70:30 glucose: fructose ratio. A similar study was performed by Ge et al., where cellulase 

and glucose isomerase were co-immobilized within a p-trimethylamine polystyrene beads 

using molecular deposition techniques.253 Mixing the catalyst with 1.65% microcrystalline 

cellulose with 1.5U/g and 20.2 U/g in 0.1 M phosphate buffer (pH 7) at 50°C in 1.3 mM 

Mg2+ and Co2+ resulted in a product  stream containing sugars in the ratio 60:40 glucose: 

fructose. However, in both cases the cellulose conversion was very low (<10%).  

Another study that attempted fructose production using cellulose-like substrates 

was published by Lee et al. in 2013.254 Realizing the operating conditions difference 

between glucose isomerase and a cellulase system, they favored a two-stage process. The 

first stage hydrolyzed pretreated cellulose using cellulase-immobilized Fe3O4-loaded 
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mesoporous silica nanoparticles (MSN). Then they collected Fe3O4/MSN catalyst using a 

magnet and added the supernatant to 1 mL phosphate buffer containing glucose isomerase 

loaded Fe3O4/MSN and increased the pH to 7.5 using sodium hydroxide (See Scheme 

2.5).254  Overall, cellulose-fructose yields using the process was around 45%. The glucose 

isomerase loaded Fe3O4/MSN were shown to retain their activity after being recycled five 

times.  

 Overall, there is a lack of research on fructose production directly from cellulose in 

real lignocellulosic material, especially in the case of solid heterogeneous catalysts.  

2.7 Glucose and Xylose Isomerization 

As mentioned previously, xylan, a major component in biomass can be converted 

to furfural, another RHB.62,255 Furfural production from lignocellulose has been reviewed 

extensively and the readers should refer to those papers for more details.62,256 Here we only 

covered furfural production from xylulose.  

Looking to use sugar cane bagasse as a possible source of fermentable 

carbohydrates, Olivier and  Toit investigated the feasibility of using glucose isomerase on 

xylose for xylulose production.257 At the time, C-5 sugar uptake by saccharomyces 

cerevisiae was a major hurdle and investigations showed greater uptake of xylulose than 

xylose.258–262 The optimum buffer, pH, metal ions, temperature, ionic strength, and 

substrate concentration were found to be the same for glucose isomerase for xylose to 

xylulose conversion as well. However, studies showed that the Keq for xylose to xylulose 

to be industrially unfavorable (0.271), compared to the Keq ( ~1) for glucose to fructose.  



53 
 

 A potential benefit of producing xylulose is its ability to readily convert to 

furfural.255 Takagaki et al.255 were the first to suggest the isomerization of both glucose and 

xylose sugars to fructose and xylulose for their subsequent catalytic conversion to 5-HMF 

and furfural, respectively (See Scheme 2.6).255 They chose hydrotalcite as their solid base 

catalyst. They reacted 0.1 grams of xylose with 0.2 grams of hydrotalcite to get around 

23% xylulose yields at 353K. The paper also investigated subsequent dehydration of 

xylulose into furfural and got 23% furfural yields (100% xylulose conversion). They also 

showed the production of HMF and furfural from a mixture of glucose (0.05 g) and xylose 

(0.05 g) with Lewis acid Amberlyst-15 (0.1 g) and hydrotalcite (0.2 g) in an organic solvent 

N,N-dimethylformaide (3 mL) with yields of 48% HMF and 41% Furfural.  

 Since 2010, more papers have been published on furfural production through 

xylulose route, including two papers by Choudhary et al. who combined xylose 

Isomerization and xylulose dehydration to furfural in an aqueous environment using 

homogenous or heterogeneous Lewis acids combined with a Brønsted acid catalysts.263,264 

They created a cascade of reactions whereby xylose was isomerized to xylulose using 

CrCl3, and then xylulose was dehydrated to furfural using HCl. Using this combination of 

Lewis and Bronsted acids, they were able to achieve a furfural yield of 39%, compared to 

29% furfural yields when xylose conversion to furfural was mediated by HCl alone.  

 Inspired by Choudhary’s investigation on furfural production from xylose 

isomerization, Yang et al. further investigated a process to produce furfural from 

lignocellulose.265 They used AlCl3•6H2O as a catalyst that drove xylose isomerization and 

subsequent dehydration to furfural in a single pot(See Scheme 2.7).265 They performed 
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their reactions on four different biomass feedtsocks including corn stover, pinewood, 

switchgrass, and poplar. The reactions were performed by loading 0.05 g of biomass in a 

1:3 water:THF (v/v) system that contained 0.1 mmol of AlCl3•6H2O and 6.0 mmol of NaCl. 

The vessel was heated to 140°C for 60 minutes. Corn stover had the highest furfural yield 

of 51% (6% 5-HMF, 2% xylose yields, and 2% glucose yields). There was no mention of 

the composition of the solids leaving the pretreatment reactors. Ideally, the solids can be 

further processed using enzymatic hydrolysis for subsequent isomerization. 

 Considering the above breakthroughs in xylose isomerization, it seems completely 

feasible to have a sugar stream containing both glucose and xylose. However, more 

research needs to be conducted with the solids and liquid stream.  

2.8 Closing Thoughts 

 Production of fructose from lignocellulose comes with many challenges. Mainly 

low fructose yields during the isomerization step and low amount of research taking into 

consideration fructose production from lignocellulose. Both of these need for economical 

RHB production  

Each step in the process from lignocellulose to fructose needs to results into high 

yields for the process to scale up. The current state of pretreatment technology shows the 

feasibility of near theoretical sugar recovery54 ] However, so far, only biological 

routesusing fungal enzymes have shown 100% recovery of the sugars from the pretreated 

biomass. However, due to thermodynamic constraints, glucose Isomerization would prove 

to be the process with the lowest yield, regardless of the catalyst type used. Any type of 

catalyst that converts approximately 50% of glucose to fructose would be a viable 



55 
 

candidate for an economical process of scale. Nonetheless, solid catalysts, especially solid 

Lewis acid catalyst, are close to reaching the theoretical yields but may not prove to be 

economically attractive option due to their lack of recyclability when compared to the 

industrial glucose isomerase. Additionally, there is concern over the impurities that are 

present in biomass to poison the solid catalyst. But given the high degree of tunability of 

solid catalysts and the large efforts within field, it is likely that solid catalyst can close the 

yield gap with enzymes in future.  

Because the glucose to fructose reaction is limited by thermodynamics, the most 

likely way to achieve high yields of fructose is by combining the isomerization process 

with a separation process. The separation process would need to have low operating costs, 

so if salts or organic solvents are used they would have to be in low quantities or highly 

recyclable, respectively.  

Lastly, utilization of the entire biomass feedstock would be essential. Fructose and 

xylulose are great candidates for the production of 5-HMF and furfural, respectively. 

Additionally, lignin, another major compound of biomass, needs to be converted to fuels 

and/or high value products to offset the cost of the feedstock.  
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2.10 Tables and Figures 

 

Table 2.1. Percentage dry weight glucan content of herbaceous species, tree species, and 

paper samples. 
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Figure 2.1. Proposed mechanism for calcium ion complexion with glucose. (Reproduced 

with permission from ref. 74). 

 

Scheme 2.1. Proposed mechanism for base catalyzed glucose isomerization and 

epimerization. (Reproduced with permission from ref. 81). 
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Scheme 2.2. Proposed mechanism of glucose isomerization using sodium aluminate.  

(Reproduced with permission from ref. 92). 

 

Figure 2.2. Possible structure of alpha-D-glucose carbanion with delocalization of the 

unshared pair of electrons. (Reproduced with permission from ref 90). 
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Scheme 2.3. Proposed mechanisms for glucose isomerization via Hydride-Shift adapted 

from ref 160. 

   

 

Figure 2.3. Diagram of simulated moving bed reactor proposed by Hashimoto et al. 

(Figure reproduced with permission from ref. 177). 
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Scheme 2.4. Proposed mechanism for glucose isomerization using Sn-Beta. (Reproduced 

with permission from ref. 209). 

 

Scheme 2.5. Process flow of fructose production from cellulose using enzymes 

immobilized on cellulose using iron oxide loaded mesoporous silica nanoparticles. 

(Reproduced with permission from ref. 254). 
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Scheme 2.6. Schematic showing parallel production of furfural and 5-HMF though 

isomerization and dehydration. (Reproduced with permission from ref. 255). 

 

Scheme 2.7. Reaction scheme for furfural production from hemicellulose. (Reproduced 

with permission from ref. 265). 
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3.0 Abstract 

Pretreatment or cotreatment is a key step for lignocellulosic biomass conversion to 

renewable fuels. Co-solvent Enhanced Lignocellulosic Fractionation (CELF) pretreatment 

that uses tetrahydrofuran (THF) in combination with an equal amount of dilute sulfuric 

acid in water has been shown to efficiently fractionate the major components in the 

lignocellulosic matrix while producing highly digestible solids for enzymatic hydrolysis. 

In this paper, kinetic modeling of experimental data is applied to understand features of 

CELF that contribute to its effective fractionation of cellulosic biomass.  In particular, the 

model provides new insights into differences in fractionation of xylan and lignin for CELF 

pretreatment in the THF-water miscibility regime (150°C) compared to when the mixture 

is immiscible (130°C and 140°C). Additionally, models were developed to predict the rate 

of xylan degradation in the liquid based on solubilization data. The combined models show 

a large increase in xylan and lignin solubilization and xylan degradation in the THF-water 

miscible regime. Additionally, xylan and lignin removal were clearly related, suggesting 

the two components are linked in the native lignocellulose and cannot be individually 

removed by CELF. These kinetic models provide further supporting evidence that miscible 

mixtures of THF and water can be highly effective for pretreatment, fractionation, and 

furfural production.  

3.1 Introduction 

 Lignocellulosic biomass provides an inexpensive renewable resource for 

production of liquid transportation fuels or commodity chemicals that can significantly 

reduce environmental impacts compared to fossil sources while maximizing economic and 
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national energy security.1–3 Five key operations are required for the enzymatic conversion 

of lignocellulose to ethanol: biomass size reduction, pretreatment, enzymatic hydrolysis, 

fermentation, and product recovery and purification. The first step, pretreatment, is 

essential to open up the lignocellulosic matrix comprised of 4 biopolymers: cellulose, 

hemicellulose, lignin, and pectin.4 A variety of pretreatments can open up the structure of 

lignocellulosic biomass, as has been reviewed extensively elsewhere.5,6 Co-solvent 

Enhanced Lignocellulosic Fractionation (CELF), a pretreatment that uses THF as a co-

solvent with water containing dilute acid, has shown to highly disrupt the lignocellulosic 

matrix by removing high amount of xylan and lignin to produce highly digestible glucan 

solids for enzymatic hydrolysis.7–9 Molecular simulations have shown THF and water to 

be immiscible between 60°C and 145°C.10 The effectiveness of lignin removal has been 

attributed to the high degree of solvation offered by the THF-Water co-solvent in the 

miscibility regime.11 

 Corn stover, the agricultural residue left after a corn harvest, can sustainably 

contribute 60-80 million dry tonnes/year of fermentable feedstock.12 Corn stover 

pretreatment coupled with enzymatic hydrolysis has been studied extensively, with 

emphasis placed on removing xylan and lignin while recovering as much sugar as 

possible.13–20 Although useful insights into other pretreatments has been gained by kinetic 

modeling,21  kinetic models have yet to be applied to CELF.  Thus, in this paper, data is 

developed on the effect of temperature and time on xylan and lignin solubilization from 

corn stover by CELF pretreatment in THF miscibility and immiscibility regimes. This data 

was then fit to kinetic models by non-linear regression to calculate rate constants for xylan 
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and lignin solubilization to compare how operation in these two regimes affected the rate 

of xylose degradation in the liquid.   

3.2 Materials and Methods 

3.2.1 Materials 

Corn stover milled through a ¾ inch screen was obtained from the National Renewable 

Energy Laboratory, Colorado. The biomass was mixed and divided before transferring into 

multiple gallon sized bags that were stored in a -4°C freezer. The entire content of each 

bag was knife milled by Thomas Wiley® mill (Model 4, Thomas Scientific, Swedesboro 

NJ) equipped with a 1 mm sieve. The resulting milled biomass was mixed thoroughly 

before each use.  Analytical grade xylose (99.5%, Spectrum®, Compton CA) was used for 

sugar standards during HPLC analysis. Sulfuric acid (72 wt%,) was used during 

pretreatments and analytical procedures was obtained from Ricca Chemical Company, 

Arlington, TX. THF was used during pretreatment and solids washing was obtained from 

Fisher Scientific, Pittsburg, PA 

3.2.2 Pretreatment 

Pretreatment was performed with a 1-L reactor made of Hastelloy C (Parr instruments, 

Moline, IL) fitted with a 3.5 inch diameter helical impeller on a two-piece shaft. The 

impeller was driven by a variable speed DC motor assembly (A175HC, Parr Instruments, 

Moline, IL). Temperature was monitored with a K-type thermocouple (Extech Instruments, 

421501) and a 1/8-inch stainless steel thermocouple probe (Omega Engineering Co., 

Stamford, CT) inserted through an outlet in the vessel and shaped to prevent interference 

with the rotating impeller. A 4-kW fluidized sand bath (Model SBL-2D, techne, Princeton, 
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NJ) heated up the reactor contents from 30°C to the desired temperature in less than 3 

minutes in all cases while maintaining the pretreatment temperature within 2°C. At the 

completion of a target pretreatment time, the reactor was lowered into a room temperature 

water bath to cool its contents to 40°C in about 5 minutes. The contents of the reactor were 

vacuum filtered at room temperature through glass fiber filter paper in a Büchner funnel. 

The density of the CELF pretreatment liquor was determined by weighing 25 mL of liquor 

in a volumetric flask and a sample of the pretreatment liquor was taken for post hydrolysis. 

The solids were washed with 1 liter of room temperature THF and then rinsed with de-

ionized water to remove any soluble sugars, degradation products, acid, and solvent. The 

solids were then left to dry in the funnel until no further liquid was dripping from the solids. 

The solids were then weighed in a Ziploc bag and the moisture of the pretreated solids was 

measured using a Halogen moisture analyzer (Model: HB43-S Mettler Toledo, Columbus, 

OH.) A sample of the solids was then taken for compositional analysis.  

CELF pretreatments were performed at 130°C, 140°C, and 150°C for 10, 20, 30, and 

40 minutes. The liquid contained 1:1 THF:water (w/w) and 0.5 wt% sulfuric acid based on 

the THF:water liquid. 40 g of biomass on dry basis was used with 800 g total reaction mass 

for each pretreatment to give a 5 wt% solids loading.  Before pretreatment, biomass was 

soaked overnight with the other ingredients at 4°C to minimize solvent evaporation.  

3.2.3 Compositional Analysis of Solids 

Prior to analysis, pretreated and unpretreated solids were dried to a constant moisture 

content in a 40°C incubator oven. The compositions of the pretreated and unpretreated 

solids were determined in triplicate according to the standard NREL Laboratory Analytical 
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Procedure “Determination of Structural Carbohydrates and Lignin in Lignocellulosic 

Biomass.”  Xylan, Klason-lignin, and ash were also measured according to this procedure, 

with K-lignin accounting for the ash free acid-insoluble lignin in the biomass. Sugar 

concentrations in the liquid fraction were measured using a Waters Alliance e2695 HPLC 

system (Waters Co. Milford MA) equipped with a Bio-Rad Aminex HPX-87H column and 

a Waters 2414 refractive index detector. 5 mM sulfuric acid was the eluent at a flow of 0.6 

mL/min. Integration of chromatograms was done by the Empower™ 2 software package. 

3.2.4 Measuring the CELF Liquid Composition 

The composition of the pretreatment liquor was determined in triplicate according to 

the standard NREL Laboratory Analytical Procedure “Determination of Sugars, 

Byproducts, and Degradation Products in Liquid Fraction Process Samples.”  Samples 

were diluted by a factor of 4 at the start of the analysis to reduce the vapor pressure of the 

liquid that was autoclaved further at 121C for 60 min in 4wt% acid to hydrolyze any 

oligomers that were present in the CELF liquid. Sugar concentrations in the liquid fraction 

were measured using the same HPLC set up as described in the previous section. 

3.2.5 Material Balance Equations 

Material balances were performed based on HPLC analysis. All calculations were done 

in the anhydrous form so for the remainder of the paper xylose will be referred to as xylan 

in the liquid. The calculations were as follows: 

𝑦𝑋𝑠
=

𝑑𝑟𝑦 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 𝑜𝑢𝑡 𝑜𝑓 𝑝𝑟𝑒𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 𝑟𝑒𝑎𝑐𝑡𝑜𝑟(𝑔)∗𝑥𝑦𝑙𝑎𝑛 𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑜𝑓 𝑝𝑟𝑒𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑏𝑖𝑜𝑚𝑎𝑠𝑠(%)

𝑑𝑟𝑦 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 𝑖𝑛𝑡𝑜 𝑟𝑒𝑎𝑐𝑡𝑜𝑟(𝑔)∗𝑥𝑦𝑙𝑎𝑛 𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑜𝑓 𝑟𝑎𝑤 𝑏𝑖𝑜𝑚𝑎𝑠𝑠
  (1) 
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𝑦𝑋𝑙
=

𝐶𝑜𝑛𝑐. 𝑜𝑓 𝑥𝑦𝑙𝑜𝑠𝑒 𝑎𝑓𝑡𝑒𝑟 𝑝𝑜𝑠𝑡 ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑠𝑖𝑠 𝑜𝑓 𝐶𝐸𝐿𝐹 𝐿𝑖𝑞𝑜𝑢𝑟 (
𝑔

𝐿
)∗(𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑚𝑎𝑠𝑠−𝑑𝑟𝑦 𝑠𝑜𝑙𝑖𝑑𝑠 𝑙𝑒𝑎𝑣𝑖𝑛𝑔 𝑟𝑒𝑎𝑐𝑡𝑜𝑟(𝑔))∗0.90

𝑑𝑟𝑦 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 𝑖𝑛𝑡𝑜 𝑟𝑒𝑎𝑐𝑡𝑜𝑟(𝑔)∗𝑥𝑦𝑙𝑎𝑛 𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑜𝑓 𝑟𝑎𝑤 𝑏𝑖𝑜𝑚𝑎𝑠𝑠(%)∗𝑠𝑢𝑔𝑎𝑟 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 𝑓𝑎𝑐𝑡𝑜𝑟(%)∗𝑑𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝐶𝐸𝐿𝐹 𝑙𝑖𝑞𝑜𝑢𝑟(
𝑔

𝐿
)
     

(2) 

for which 𝑦𝑋𝑠
 and 𝑦𝑋𝑙

  are the fraction of initial xylan in the  CELF pretreated corn stover 

solids and fraction of initial xylan recovered in the CELF pretreatment liquor, respectively. 

The fraction of K-ligninleft in the pretreated solids (𝑦𝐿𝑠
) was calculated after CELF 

pretreatment as follows: 

𝑦𝐿𝑠
= 

𝑑𝑟𝑦 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 𝑜𝑢𝑡 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑜𝑟(𝑔)∗𝑎𝑐𝑖𝑑 𝑖𝑛𝑠𝑜𝑙𝑢𝑏𝑙𝑒 𝑙𝑖𝑔𝑛𝑖𝑛 𝑖𝑛 𝑝𝑟𝑒𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑏𝑖𝑜𝑚𝑎𝑠𝑠(%)

𝑑𝑟𝑦 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 𝑖𝑛𝑡𝑜 𝑟𝑒𝑎𝑐𝑡𝑜𝑟(𝑔)∗𝑎𝑐𝑖𝑑 𝑖𝑛𝑠𝑜𝑙𝑢𝑏𝑙𝑒 𝑙𝑖𝑔𝑛𝑖𝑛  𝑖𝑛 𝑟𝑎𝑤 𝑏𝑖𝑜𝑚𝑎𝑠𝑠(%)
                         (3) 

 

3.2.6 Kinetic Models for Xylan and Lignin Removal by CELF 

Based on approaches applied successfully by others,22 the xylan in corn stover was 

assumed to be composed of a fraction that broke down quickly to xylose, XylanFast, and a 

second fraction that was more recalcitrant to hydrolysis, XylanSlow.  The xylose released 

by either pathway was assumed to be susceptible to degradation in liquid.  Thus, the 

following reaction pathways served as the basis for modeling xylan solubilization: 

𝑋𝑦𝑙𝑎𝑛𝑆𝑙𝑜𝑤  
𝑘1
→ 𝑋𝑦𝑙𝑜𝑠𝑒

𝑘2
→ 𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠                                                             (4) 

𝑋𝑦𝑙𝑎𝑛𝐹𝑎𝑠𝑡  
𝑘3
→ 𝑋𝑦𝑙𝑜𝑠𝑒

𝑘2
→ 𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠                                                              (5) 

Similarly, lignin has been previously modeled during alkaline pulping as comprising 

of three separate components: initial, bulk, and residual lignin.15 Initial lignin is taken as 

that which solubilizes very easily due to having the lowest activation energy. Bulk lignin 

is pictured as representing the majority of the lignin that is more recalcitrant to 
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deconstruction and releases lignin more slowly than the initial lignin.  Lastly, residual 

lignin is taken to be the fraction that is removed very slowly by pretreatment due to a higher 

activation energy making it the most resistant to solubilization. The characteristics of these 

lignin fractions have been attributed to differences in their bond energy. For example, α-

aryl ether linkages that break more easily would contribute lignin fragments to the initial 

lignin along with contributions of fragments by breaking of some β-aryl ether linkages in 

the later stage of initial phase.23,24 The lignin released in the bulk phase could result from 

cleavage of phenolic β-aryl and non-phenolic β-aryl ether linkages.24 Lastly, residual lignin 

has been attributed to the breakage of carbon-carbon linkages.25 Thus, the following 

reaction pathways served as the basis for modeling lignin solubilization: 

𝐿𝑖𝑔𝑛𝑖𝑛𝐼𝑛𝑖𝑡𝑖𝑎𝑙  
𝑘4
→ 𝑆𝑜𝑙𝑢𝑏𝑙𝑒 𝐿𝑖𝑔𝑛𝑖𝑛                                                                                          (6) 

𝐿𝑖𝑔𝑛𝑖𝑛𝐵𝑢𝑙𝑘  
𝑘5
→ 𝑆𝑜𝑙𝑢𝑏𝑙𝑒 𝐿𝑖𝑔𝑛𝑖𝑛                                                                                            (7) 

𝐿𝑖𝑔𝑛𝑖𝑛𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙  
𝑘6
→𝑆𝑜𝑙𝑢𝑏𝑙𝑒 𝐿𝑖𝑔𝑛𝑖𝑛                                                                                        (8) 

Additionally, the sum of the slow and fast solubilizing xylan fractions and the sum of 

the Initial, bulk, and residual lignin were taken as equal to the amount of xylan and K-

lignin initially in raw corn stover, respectively. Based on these pathways, the rate equations 

for xylan solubilization, lignin solubilization, and production of xylan in the liquid were 

expressed as: 

𝑑𝑋𝑆𝑙𝑜𝑤

𝑑𝑡
= −𝑘1[𝑋𝑆𝑙𝑜𝑤]                                                                                                            (9) 

𝑑𝑋𝐹𝑎𝑠𝑡

𝑑𝑡
= −𝑘3[𝑋𝐹𝑎𝑠𝑡]                                                                                                           (10) 

𝑑𝑋𝑠

𝑑𝑡
= −𝑘1[𝑋𝑆𝑙𝑜𝑤]−𝑘3[𝑋𝐹𝑎𝑠𝑡]                                                                                             (11) 
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𝑑𝐿𝐼𝑛𝑖𝑡𝑖𝑎𝑙

𝑑𝑡
= −𝑘4[𝐿𝐼𝑛𝑖𝑡𝑖𝑎𝑙]                                                                                                      (12) 

𝑑𝐿𝐵𝑢𝑙𝑘

𝑑𝑡
= −𝑘5[𝐿𝐵𝑢𝑙𝑘]                                                                                                           (13) 

𝑑𝐿𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙

𝑑𝑡
= −𝑘6[𝐿𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙]                                                                                                      (14) 

𝑑𝐿𝑠

𝑑𝑡
= −𝑘4[𝐿𝐼𝑛𝑖𝑡𝑖𝑎𝑙] − 𝑘5[𝐿𝐵𝑢𝑙𝑘]−𝑘6[𝐿𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙]                                                                (15) 

𝑑𝑋𝑙

𝑑𝑡
= 𝑘1[𝑋𝑆𝑙𝑜𝑤] + 𝑘3[𝑋𝐹𝑎𝑠𝑡] − 𝑘2[𝑋𝑙]                                                                               (16) 

𝑘𝑖 = 𝐴𝑖𝐻𝑒−
𝐸𝑎
𝑅𝑇  i = 1-6                                                                                                        (17) 

in which 𝑋𝑆𝑙𝑜𝑤 , 𝑋𝐹𝑎𝑠𝑡, 𝑋𝑠 , 𝑎𝑛𝑑 𝑋𝑙  represent the concentrations of slow solubilizing 

xylan in the solids, fast solubilizing xylan in the solids, total xylan in the solids, and xylan 

in the liquid, respectively. Whereas, 𝐿𝐼𝑛𝑖𝑡𝑖𝑎𝑙 , 𝐿𝐵𝑢𝑙𝑘, 𝐿𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙, and 𝐿𝑠 represent initial lignin 

in the solids, bulk lignin in the solids, residual lignin left in the solids, total lignin in the 

solids, respectively.  The first order rate constants for each reaction 𝑘1, 𝑘2, 𝑘3, 𝑘4, 𝑘5, and 

𝑘6 are in units of min-1. The proton concentration is assumed constant as a function of 

pretreatment time, as is done elsewere,22 and is thus integrated into the rate constant. 

Additionally, 𝐴𝑖 and 𝐸𝑎𝑖
  are the Arrhenius pre-exponential factors and the activation 

energies for each rate constant, respectively. Lastly, R is the gas constant with units of 

J/(mol K), T is the pretreatment reaction temperature in K, and t is the pretreatment reaction 

time in minutes. 

Integration of Equations 9-17 from the initial conditions  𝑋𝑆𝑙𝑜𝑤0
,  𝑋𝐹𝑎𝑠𝑡0

,

𝑋𝑠0
, 𝐿𝐼𝑛𝑖𝑡𝑖𝑎𝑙0

 , 𝐿𝐵𝑢𝑙𝑘0
, and  𝐿𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙0

, with 𝑋𝑙0
= 0 at 𝑡 = 0 results in the following 

analytical expressions:  
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𝑋𝑆𝑙𝑜𝑤 =  𝑋𝑆𝑙𝑜𝑤0
𝑒−𝑘1𝑡                                                                                                         (18)                                   

𝑋𝐹𝑎𝑠𝑡 =  𝑋𝐹𝑎𝑠𝑡0
𝑒−𝑘3𝑡                                                                                                          (19) 

𝑋𝑠 = 𝑋𝑆𝑙𝑜𝑤0
𝑒−𝑘1𝑡 + 𝑋𝐹𝑎𝑠𝑡0

𝑒−𝑘3𝑡                                                                                       (20) 

𝐿𝐼𝑛𝑖𝑡𝑖𝑎𝑙 =  𝐿𝐼𝑛𝑖𝑡𝑖𝑎𝑙0
𝑒−𝑘4𝑡                                                                                                     (21)  

𝐿𝐵𝑢𝑙𝑘 =  𝐿𝐵𝑢𝑙𝑘0
𝑒−𝑘5𝑡                                                                                                          (22) 

𝐿𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙 =  𝐿𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙0
𝑒−𝑘6𝑡                                                                                              (23) 

𝐿𝑠 =  𝐿𝐼𝑛𝑖𝑡𝑖𝑎𝑙0
𝑒−𝑘4𝑡 + 𝐿𝐵𝑢𝑙𝑘0

𝑒−𝑘5𝑡 + 𝐿𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙0
𝑒−𝑘6𝑡                                                      (24) 

𝑋𝑙 =
𝑘1

(𝑘2−𝑘1)
𝑋𝑆𝑙𝑜𝑤0

(𝑒−𝑘1𝑡 − 𝑒−𝑘2𝑡) +
𝑘3

(𝑘2−𝑘3)
𝑋𝐹𝑎𝑠𝑡0

(𝑒−𝑘3𝑡 − 𝑒−𝑘2𝑡)                              (25) 

Dividing equations 18 through 20 and 25 by 𝑋𝑠0
 and dividing equation 21 through 25 by 

𝐿𝑠0
 results in equations 26 through 28.  

𝑦𝑋𝑠
=  𝑓𝑆𝑙𝑜𝑤𝑒−𝑘1𝑡 + 𝑓𝐹𝑎𝑠𝑡𝑒−𝑘3𝑡                                                                                          (26) 

𝑦𝐿𝑠
=  𝑓𝐼𝑛𝑖𝑡𝑖𝑎𝑙𝑒−𝑘4𝑡 + 𝑓𝐵𝑢𝑙𝑘𝑒−𝑘5𝑡 + 𝑓𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙𝑒

−𝑘6𝑡                                                           (27) 

𝑦𝑋𝑙
=

𝑘1

(𝑘2−𝑘1)
𝑓𝑆𝑙𝑜𝑤(𝑒−𝑘1𝑡 − 𝑒−𝑘2𝑡) +

𝑘3

(𝑘2−𝑘3)
𝑓𝐹𝑎𝑠𝑡(𝑒−𝑘3𝑡 − 𝑒−𝑘2𝑡)                                  (28) 

in which 𝑓𝑆𝑙𝑜𝑤,𝑓𝐹𝑎𝑠𝑡 , 𝑓𝑖𝑛𝑡𝑖𝑎𝑙 , 𝑓𝑏𝑢𝑙𝑘,and 𝑓𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙 are the initial mass fractions of slow 

solubilizing xylan, fast solubilizing xylan, initial lignin, bulk lignin, and residual lignin, 

respectively.  Equations 26 and 27 track the yields of xylan and lignin left in the solids 

compared to the initial amount in the raw biomass, and equation 28 calculates the yield of 

xylan dissolved in the pretreatment liquid compared to the initial amount of xylan in corn 

stover.  
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3.3 Results and Discussion 

3.3.1 Effects of CELF Time and Temperature on Xylan and Lignin Yields  

As outlined above, CELF was applied to milled corn stover at 130°C, 140°C, and 

150°C for 10, 20, 30, and 40 minutes at 5 wt% solids loading and 0.5 wt% sulfuric acid 

concentration. Figure 3.1 presents the percent of the xylan recovered in the pretreated solids 

and the pretreatment liquor from the corn stover. As shown, 34.2%, 27.7%, 25.6%, and 

22.4% of the xylan originally contained in corn stover was left in CELF pretreated solids 

at 130°C for 10, 20, 30, and 40 minutes, respectively.  On the other hand, the fraction of 

xylan in the liquid was much greater, with 66.0%, 71.9%, 69.1%, and 69.8% at these 

conditions, respectively. Furthermore, 100% of the xylan was accounted for in the solids 

and liquid together for times 10 and 20 minutes, but at 30 and 40 minutes 5.3% and 7.7% 

of the xylan was lost to degradation. Increasing the temperature to 140°C reduced the 

percent of corn stover xylan left in the solids at these respective times to 22.0%, 16.6%, 

13.3%, and 12.4%; increased the percent of xylan recovered in the liquid at these times to 

75.0%, 79.9%, 79.8%, and 79.5%; and increased the percent degradation to 3.0%, 3.4%, 

7.0%, and 8.1%. Lastly, CELF pretreatment at 150°C further dropped the percent of the 

corn stover xylan left in the solids to 13.3%, 7.6%, 6.7%, and 6.5%; first increased but then 

lowered the percent in the liquid to 77.9%, 80.7%, 78.1%, and 76.8%; and increased losses 

to 8.8%, 11.7%, 15.2%, and 16.7% for the application of the same times of 10, 20, 30, and 

40 minutes, respectively. In all cases, the maximum percent of xylan recovered in the 

liquids was at 20 minutes, after which degradation dropped yields in the liquid. The initial 
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rapid solubilization could be potentially attributed to bonding of xylan to other 

hemicellulose constituents that are easier to break. 

Figure 3.2 summarizes the amount of K-lignin recovered from the solids after CELF 

pretreatment. Pretreatment at 130°C produced solids that contained 26.3%, 20.9%, 20.6%, 

and 17.5% of the original ASL for 10, 20, 30 and 40 minutes of CELF pretreatment, 

respectively. At 140°C, the solids contained 25%, 17.5%, 16.8%, and 15.4% of the original 

lignin for 10, 20, 30, and 40 minutes of CELF pretreatment, respectively. For the higher 

temperature of 150°C, the solids were left with 13.8%, 10.5%, 9.3%, and 8.3% of the 

original ASL at after 10, 20, 30, and 40 minutes of CELF. The initial very fast drop in 

lignin content followed by it leveling off can be attributed to differences in lignin 

recalcitrance, with the fraction left being more strongly bonded together.   

3.3.2 Kinetic Modeling of Xylan and Lignin Removal by CELF Pretreatment 

Once xylan and lignin yields had been experimentally measured versus time, rate 

constants were calculated using a generalized reduced gradient algorithm in Excel to 

minimize the sum of the squares of the differences between values calculated according to 

the models described in the Methods section and the experimental data.  This approach was 

applied to the xylan and lignin removal data sets generated for each pretreatment 

temperature.  The xylan yield models were then applied to model xylan degradation.  

3.3.2.1 Modeling Lignin Solubilization   

The parameters 𝑓𝐼𝑛𝑖𝑡𝑖𝑎𝑙, 𝑓𝐵𝑢𝑙𝑘 , 𝑓𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙, 𝑘4, 𝑘5, and 𝑘6  were determined by fitting 

Equation 27 to the residual lignin data subject to the following physical constraints: 1) the 

bulk, residual, and initial lignin solubilization rates increase or remain the same with 
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increasing pretreatment temperature; 2) the initial and bulk lignin fractions increase or 

remain the same as pretreatment temperature is increased, 3) the residual lignin fraction 

drops or stays the same as pretreatment temperature is increased, 4) the rate of initial lignin 

solubilization must be equal to or greater than the rate of bulk lignin solubilization which 

in turn must be greater than or equal to the rate of residual lignin solubilization.  

Reasonable guestimates of the values of each of the parameters are required initially. 

The initial values of 𝑓𝐼𝑛𝑖𝑡𝑖𝑎𝑙, 𝑓𝐵𝑢𝑙𝑘 , and 𝑓𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙  were based on values reported in the 

literature, as summarized in Table 3.1.26–37 Thus, we can see a high variation in calculated 

lignin fractions due to changes in pretreatment technologies, substrates, and chemicals. 

From this list, the initial values for this study were based on those reported by Gilarranz et 

al.28 for dilute acid pretreatment of Eucalyptus globus in a methanol-water solution.  

The initial values for the lignin solubilization parameters and their values determined 

by regression of the data in this paper are presented in Table 3.2. Although the initial and 

bulk lignin solubilization rates were equal and constant with varying temperature, the initial 

lignin fraction increased with temperature and the bulk fraction increased at 150°C. This 

result indicates that lignin that was difficult to remove at the lower temperature became 

more easily solubilized at higher temperatures, as one would expect. Furthermore, the 

shrinking of the residual fraction with increasing temperature indicated that hard to remove 

lignin has a higher activation energy. The more recalcitrant lignin (residual) is also being 

removed at a higher rate with increasing temperature. 

Although the six parameters model fit the data well (all had an SSD < 20), a model was 

applied for which the lignin fractions were assumed to remain constant despite temperature 
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changes.  This approach has been historically applied based on the assumption that lignin 

fraction distribution is a biomass property that should not change with temperature. In this 

case, the regression approach was the same as before other than assuming the fractions do 

not change with temperature.  The initial values of the parameters used are listed again in 

Table 3.2 with the fixed fraction values calculated as the average of the values of the 

parameters that had been assumed to vary with temperature in past studies.  Otherwise, the 

same constraints were applied as for the previous calculation. 

The results from the regression are summarized in Table 3.2. The initial and bulk lignin 

solubilization rates were again equal and increased with temperature. The residual lignin 

rate of solubilization also increased with temperature. Additionally, a dramatic increase in 

solubilization of all fractions was measured between 140°C and 150°C.  It is notable that 

the initial and bulk lignin solubilization rates were equal at all temperatures, a result that 

could suggest that initial and bulk lignin were released from a common source.  Various 

literature models treat lignin as consisting of two fractions rather than three based on the 

assumption that the initial lignin solubilizes so quickly that none is left at the first time 

point and only bulk lignin and residual lignin are left in the solids.  

Consistent with this reasoning, equation 27 was applied with the initial lignin term set 

to zero. The value of the residual lignin fraction was the same as for the 3-fraction model 

while the bulk lignin fraction was set equal to with sum of initial and bulk for the 3-fraction 

model. The initial values and results are reported in Table 3.2. Now, the rate of bulk lignin 

solubilization remained unchanged between 130°C and 140°C but increased at 150°C. On 

the other hand, the rate of residual lignin solubilization increased with temperature and the 
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fraction decreased with temperature. These trends can be explained by the bonds holding 

together the more recalcitrant lignin having a higher activation energy than those for bulk 

lignin, so that higher temperatures will increase the rate of breakdown of residual lignin 

relative to the rate of deconstruction of the bulk lignin. 

Next, rates constants were fit to the two lignin fractions model while fixing the values 

of the two fractions constant at the average values determined in the previous calculations. 

The initial values and final results for this approach presented in Table 3.2 show that the 

outcome is similar to that for the three fractions case.  In particular, the bulk lignin 

solubilization rate increased with temperature and jumped dramatically when the 

temperature was increased from 140°C and 150°C. The rate of removing residual lignin 

followed this same trend.  The data and model results for this regression with fixed fractions 

of only bulk and residual lignin are plotted in Figure 3.3.  

3.3.2.2 Modeling Xylan Solubilization  

Equations 4 and 5 were applied to model xylan removal in terms of two fractions, 

historically labeled as fast and slow solubilizing xylan.16,20,22,38–42 Fast solubilizing xylan 

is analogous to initial and bulk lignin, and slow solubilizing xylan is analogous to residual 

lignin.  The former has a lower activation energy and solubilizes more rapidly than the 

latter. Table 3.3 lists historical values of the activation energies for fast solubilizing xylan, 

slow solubilizing xylan, and xylose degradation.14,17,37,39,40,43   

For this study, 𝑓𝐹𝑎𝑠𝑡, 𝑓𝑆𝑙𝑜𝑤, 𝑘1, and 𝑘3 were determined for Equation 26 with the 

following physical restraints placed on the values: 1) fast and slow xylan solubilization 

rates increase or remain the same with increasing pretreatment temperature, 2) the fast 
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xylan solubilizing fraction increases or stays the same with increasing pretreatment 

temperature, 3) the slow solubilizing fraction decreases or stays the same with increasing 

pretreatment temperature, 4) the rate of fast xylan solubilization must be equal to or greater 

than the rate of slow xylan solubilization, and 5) the fraction of fast solubilizing xylan is 

larger than the fraction of slow solubilizing xylan. Each parameter used to initiate the 

regression are presented in Table 3.4 with 𝑓𝐹𝑎𝑠𝑡  and 𝑓𝑆𝑙𝑜𝑤 being average values based on a 

literature survey.44  Table 3.4 also includes the values determined by the regression fit to 

the data. Thus, the fast fraction solubilization rate increased dramatically as the temperature 

was increased from 130°C to 140°C but then remained constant.  Interestingly, the increase 

in the fraction of fast solubilizing xylan with temperature paralleled that for bulk lignin.  

Table 3.4 also shows that although the slow solubilizing xylan rate increased with 

temperature, the fraction of slow solubilizing xylan behaved analogously to that for 

residual lignin - it decreased with temperature. 

Next, the effect of increasing temperature on the rates was modeled while the xylan 

fractions were held constant.  Thus, fast and slow solubilizing xylan were assumed to be 

characteristic of the biomass regardless of temperature, as previously assumed for lignin. 

The same regression approach as described above was applied with the initial fixed fraction 

values in Table 3.4 determined by the average of varied fractions calculations subject to 

the same constraints as for the previous calculation.  As also shown in Table 3.4, the 

calculated rate of both fast and slow solubilizing xylan increased with temperature and rose 

dramatically at 150°.  In all cases, the SSD was lower than 20. The results of the regression 

with fixed fractions is presented in Figure 3.4. 
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3.3.2.3 Xylan Degradation Modeling 

Xylan degradation modeling was done using equation 28 and the results from the xylan 

solubilization models. The parameter 𝑘2 was varied with the only physical constraint being 

that the rate at 150°C had to be faster than the rate at 140°C which needs to be faster than 

the rate at 130°C. The initial guesses used are summarized in Table 3.4. Xylan degradation 

based on varying fractions and keeping them constant were performed and the results are 

summarized in Table 3.4. Surprisingly the rate of xylan degradation were similar in both 

scenarios. The rate of xylan degradation increases with increasing temperature and has a 

dramatic increase between 140°C and 150°C. In all cases, the SSD was lower than 10.  

3.3.3 Insights into Interdependency between Xylan and Lignin Solubilization   

Figure 3.5 presents a plot of the amount of ASL lignin removed from raw biomass 

versus the amount of xylan removed at the same conditions. Thus, we can see the amount 

of lignin removed closely tracks the amount of xylan removed. A similar nearly linear 

relationship between ASL removal of lignin and xylan has been shown before for 

flowthrough pretreatment of biomass for which lignin and xylan are both removed before 

they can react further as they could for a batch reactor.16 The hypothesis is that xylan is 

bound to lignin in the native structure so both come out together during flowthrough 

pretreatments. Furthermore, the greater solubilization of lignin by flowthrough 

pretreatment than for batch can be attributed to removal of lignin by the latter before it can 

react with and deposit back on the biomass. Thus, it appears that the CELF THF-water 

cosolvent system not only dissolves lignin but also limits lignin its further reaction and 
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redeposition on biomass.11 Additionally, lignin that redeposits on biomass during CELF is 

possibly removed by washing the solids with THF after pretreatment.  

The kinetic models provided even more insight into the interdependency of lignin and 

xylan removal. For instance, the fractions of bulk lignin and fast solubilizing xylan were 

0.79 and 0.74, respectively, and the fractions of residual lignin and slow solubilizing xylan 

were 0.26 and 0.21, respectively. The rates of bulk lignin and fast solubilizing xylan 

removals plotted with respect to temperature in Figure 3.6 show a similar trend of a slight 

increase when temperature is increased from 130°C and 140°C followed by a dramatic 

jump at 150°C. The change in release of residual lignin and slow solubilizing xylan with 

temperature shown in Figure 3.7 follows a similar trend: a slight increase from 130°C and 

140°C followed by a dramatic jump at 150°C.  

3.3.4 Difference in Solubilization Rates in the Miscible and Immiscible Regimes of THF-

Water 

The model provides additional insights into how solvent properties impact lignin and 

xylan solubilization. It has been suggested that THF and water at 1:1 (w/w) ratio is 

immiscible between 60°C and 145°C but miscible for temperatures above 145oC.11 In the 

miscible regime, the co-solvent has enhanced solvation properties that increase xylan and 

lignin solubilization and xylose degradation.10,11,45 Using molecular simulation, it has been 

shown that THF is the primary solvent of lignin, and sterically limits the access of water 

molecules to form hydrogen bonds with lignin, except near hydroxyl groups and, to a lesser 

extent, α-O4 linkages and ß-O4 linkages. This local phase separation essentially funnels 

the water and proton molecules to aryl-ether linkages that need to be broken during 
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delignification. This synergistic cooperation between THF and water would be absent in a 

biphasic system, and the rates shown in this paper further add evidence to this conclusion. 

Higher lignin removal would allow for higher xylan removal.  

Similarly, studies were done on acid-catalyzed degradation of xylose in a miscible and 

immiscible THF: water regime, with the conclusion stating xylose disappearance 

accelerates in the miscible regime by a factor of two.10 These results agreed with the values 

obtained in this paper and is consistent with CELF’s ability to enhance furfural production 

in the miscible regime9,10 

3.4 Conclusions 

 Kinetic models were applied to describe lignin and xylan solubilization and xylan 

degradation for CELF pretreatment of corn stover. Lignin and xylan solubilization data 

were best represented by two fractions for each: bulk and residual lignin and fast and slow 

solubilizing xylan. From these results, xylan degradation was also modeled. The results 

showed bulk and residual lignin and fast and slow xylan solubilization increased slowly in 

moving from 130 to 140oC, temperatures at which THF and water form two phases, but 

then increased dramatically when the temperature was increased to 150°C, at which THF 

and water are expected to be fully miscible. Thus, the miscible regime appears to 

significantly enhance lignin solubilization.  Furthermore, the tracking of lignin removal 

with xylan removal suggests bonding between these two biomass components in corn 

stover results in their mutual dissolution. Additionally, increased xylan degradation in the 

THF:water miscible regime is consistent with the ability of the CELF system to enhance 
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furfural production, although dropping the time for CELF pretreatment in the miscible 

regime would lower xylan losses and enhance yields of xylan in solution.  
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3.8 Figures and Tables   

  

 

Table 3.1. Literature values of activation energies and corresponding fractions used to 

describe lignin solubilization in terms of initial, bulk, and residual fractions.   
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Table 3.2. Initial and fitted values of lignin solubilization parameters used in non-linear 

regression models based on 3 (initial, bulk, and residual) and 2 (bulk and residual) lignin 

fractions and fit either by varying both fraction and rate or just rate with the fraction fixed. 

   

 

Table 3.3. Literature values of activation energies used to describe xylan solubilization in 

terms of fast and slow xylan fractions.    

 



102 
 

 

 

Table 3.4. Initial and fitted values of xylan solubilization parameters used in non-linear 

regression models based on 2 fractions (fast and slow) and fit either by varying both 

fraction and rate or just rate with the fraction fixed.  
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Figure 3.4. Percentage of xylan in corn stover that can be accounted for in pretreated solids 

and pretreatment liquor. Xylan left in solids after CELF pretreatment at 130°C (striped 

squares), 140°C (striped diamonds), and 150°C (stripped circles) are added to xylan 

recovered in the CELF pretreatment liquor at 130°C (hollow squares), 140°C (hollow 

diamonds), and 150°C (hollow circles) to calculate total xylan recovered at 130°C (dark 

squares), 140°C (dark diamonds), and 150°C (dark circles).   
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Figure 3.5. K-lignin recovered after CELF pretreatment at 130°C (striped boxes), 140°C 

(stripped diamonds), and 150°C (striped circles).  
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Figure 3.6. Experimental data and fit based on modeling K-lignin removal in terms of bulk 

and residual fractions with data and model results shown as squares and dashed lines at 

130°C, small circles and dotted lines at 140°C, and large circles and dotted-dashed lines at 

150°C respectively.  
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Figure 3.4. Experimental data and fit for xylan left in solids and recovered in solution 

based on modeling xylan removal in terms of bulk and residual fractions with data and 

model results shown as squares and dashed lines at 130°C, small circles and dotted lines at 

140°C, and large circles and dotted-dashed lines at 150°C respectively. 
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Figure 3.5. The amount of K-lignin removed versus the amount of xylan removed after 

CELF pretreatment of corn stover at 130°C, 140°C, and 150°C for 10, 20, 30, and 40 

minutes. 
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Figure 3.6. Rate constant for bulk lignin (dotted lines and hollow squares) removal and 

fast xylan (straight line and hollow diamonds) removal versus temperature for CELF 

pretreatment of corn stover.  
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Figure 3.7. Rate constant for residual lignin (dotted lines and hollow squares) removal and 

slow xylan (straight line and hollow diamonds) removal versus temperature for CELF 

pretreatment of corn stover. 
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Chapter 4: Kinetic Modeling of Cellulose Solubilization from Corn Stover by CELF 

Pretreatment and by Subsequent Enzymatic Hydrolysis  
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4.0 Abstract 

Pretreatment is a key step for biological conversion lignocellulosic biomass to 

renewable fuels. Co-solvent enhanced lignocellulosic fractionation (CELF) by an slightly 

acidified mixture of tetrahydrofuran (THF) and water has been shown to effectively 

fractionate the lignocellulosic matrix while producing highly digestible solids for 

enzymatic hydrolysis even at much lower enzyme loadings than typically required for other 

pretreatments to achieve high yields. In this paper, a fractal kinetic model was fit to 

experimental data to gain new insights into cellulose solubilization by CELF pretreatment 

of corn stover followed by subsequent enzymatic hydrolysis of the pretreated solids. The 

model parameters suggest that glucan solubilized by CELF was amorphous. Furthermore, 

in addition to the fractal kinetic h parameter closely following trends associated with 

delignification and the combined severity factor, its value suggested that operation of 

CELF at 150°C, a temperature at which water and THF are miscible, increased the amount 

of amorphous cellulose accessible to enzymatic hydrolysis compared to 130/140°C, the 

immiscible region. These models provide a better understanding into the efficacy of CELF 

in significantly promoting high sugar release even at low enzyme loadings.  

4.1 Introduction 

 Lignocellulosic biomass provides an inexpensive, large, and sustainable resource 

for production of liquid fuels for transportation and commodity chemicals with minimal 

environmental impacts while enhancing economic and energy security.1–3 The four major 

biopolymers found in lignocellulosics are cellulose, hemicellulose, pectin, and lignin.4 

Conversion of lignocellulosic biomass to sugars has been of interest since the beginning of 
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the 20th century for production of fuel ethanol as well as other fuels and fuel intermediates 

such as 5-HMF and DMF.5  For biological routes, a pretreatment must be typically first 

applied to open up the lignocellulosic matrix so that enzymes can access cellulose and 

break it down into sugars with high enough yields to be economically plausible. A variety 

of pretreatments that have been applied to meet this need has been reviewed extensively.6 

Recently, Co-solvent Enhanced Lignocellulosic Fractionation (CELF), a pretreatment that 

uses a miscible mixture of THF and water as a solvent, has been shown to greatly disrupt 

the lignocellulosic matrix by removing a large portion of the xylan and lignin and produce 

highly digestible cellulose solids for enzymatic hydrolysis.7–9 Molecular simulations have 

attributed the effectiveness of lignin removal to the high degree of solvation offered by the 

THF-Water co-solvent in the miscibility regime.10 Additionally, molecular modeling has 

shown that the THF-water phase shift that occurs on the local surface of the cellulose 

prevented solubilized lignin from redepositing on cellulose and interfering with enzyme 

access.11 

 Corn stover, the above ground portion of the corn plant left after a corn harvest, can 

sustainably contribute 60-80 million dry tonnes/year of feedstock that could be biologically 

converted into fuels and chemicals.12 Corn stover fractionation has been studied 

extensively, with emphasis placed on removing xylan and lignin while recovering as much 

sugar as possible.13–20  Kinetic modeling has provided useful insights into deconstruction 

of lignocellulosic biomass by various pretreatments and fractionation technologies other 

than CELF.18,21 Additionally, application of fractal kinetic modeling to sugar release by 

enzymatic hydrolysis of CELF and dilute sulfuric acid pretreated solids has shown that the 
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h parameter in fractal models correlates with delignification.7 However, because kinetic 

models have not been applied to understand factors influencing sugar release by CELF 

pretreatment, this paper reports results from application of a fractal kinetic model to 

cellulose solubilization data gathered during low severity CELF pretreatment of corn stover 

at different temperatures and times. Rate constants for a fractal kinetic model were fit to 

the data by non-linear regression, and activation energies were calculated and compared to 

literature values for cellulose solubilization. Additionally, fractal kinetic models were 

applied to sugar release data for enzymatic hydrolysis of CELF pretreated solids to gain 

insights into mechanisms that could account for the enhanced cellulose deconstruction of 

these solids. 

4.2 Materials and Methods 

4.2.1 Materials 

Corn stover milled through a ¾ inch screen was obtained from the National Renewable 

Energy Laboratory, Colorado. The biomass was mixed and divided before transferring into 

multiple gallon sized bags that were stored in a -4°C freezer. The entire content of each 

bag was knife milled by Thomas Wiley® mill (Model 4, Thomas Scientific, Swedesboro 

NJ) equipped with a 1 mm sieve. The resulting milled biomass was mixed thoroughly 

before each use.  Analytical grade xylose (99.5%, Spectrum®, Compton CA) was used for 

sugar standards during HPLC analysis. Sulfuric acid (72 wt%,) was used during 

pretreatments and analytical procedures was obtained from Ricca Chemical Company, 

Arlington, TX. THF was used during pretreatment and solids washing was obtained from 

Fisher Scientific, Pittsburg, PA. Accellerase® 1500 cellulase (Dupont Industrial 
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Biosciences, Palo Alto, CA) was used for enzymatic hydrolysis experiments. The BCA 

protein content of Accellerase 1500 was reported to be at 82 mg/mL.  Acetic acid and 

sodium hydroxide were used preparation of buffer used during enzymatic hydrolysis and 

were obtained from Fisher Scientific™ (Fair Lawn, NJ) and Sigma-Aldrich® (St. Louis, 

MO), respectively.  

4.2.2 Pretreatment 

Pretreatment was performed in a 1-L reactor made of Hastelloy C (Parr Instruments, 

Moline, IL) fitted with a 3.5 in. diameter helical impeller on a two-piece shaft. The impeller 

was driven by a variable speed DC motor assembly (A175HC, Parr Instruments, Moline, 

IL). Temperature was monitored by a K-type thermocouple (Extech Instruments, 421501) 

and a 1/8-in. stainless steel thermocouple probe (Omega Engineering Co., Stamford, CT) 

shaped to prevent contact with the rotating impeller. A 4-kW fluidized sand bath (Model 

SbL-2D, Techne, Princeton, NJ) maintained the pretreatment temperature within 2°C. The 

heat-up times of the reactor contents from 30°C to the desired temperature were less than 

3 minutes in all cases. At the completion of the target pretreatment time, the reactor was 

lowered into a room temperature water bath to cool its contents to 40°C in about 5 minutes. 

The contents of the reactor were vacuum filtered at room temperature using glass fiber 

filter paper and a Büchner funnel. Samples of the pretreatment liquor and solids were taken 

for compositional analysis. The solids were rinsed with 1 liter of room temperature THF 

followed by approximately 7 liters of deionized water to remove any soluble sugars, 

degradation products, acid, and solvent. The solids were left to dry until no further liquid 

dripped from the solids. The water content in the solids was measured using a moisture 
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analyzer (Model: HB43-S Halogen Moisture Analyzer, Mettler Toledo, Columbus, OH). 

The density of the CELF pretreatment liquor was determined by weighing 25 mL of liquor 

in a volumetric flask.  

CELF pretreatments were performed at 130, 140, and 150°C for 10, 20, 30, and 40 

minutes. The liquid contained 1:1 THF:Water (w/w) and 0.5 wt% sulfuric acid. A 5 wt% 

solids loading (40 g on a dry basis) was used in all pretreatments based on 800 g total 

reaction mass. Before pretreatment, biomass was soaked overnight with all ingredients at 

4°C to minimize solvent evaporation.  

4.2.3 Compositional Analysis of Solids 

Prior to analysis, pretreated and unpretreated solids were dried to constant moisture 

content in a 40°C incubator oven. The Klason-lignin and glucan contents of the pretreated 

and unpretreated solids were determined in triplicates according to the standard NREL 

Laboratory Analytical Procedure “Determination of Structural Carbohydrates and Lignin 

in Lignocellulosic Biomass.”22 Glucose concentrations in the liquid fraction were 

measured using a Waters Alliance e2695 HPLC system (Waters Co. Milford, MA) 

equipped with a Bio-Rad  Aminex HPX-87H column (Bio-Rad Laboratories, Hercules, 

CA) and a Waters 2414 refractive index detector (Waters Co., Milford, MA). 5mM sulfuric 

acid was the eluent at a flow of 0.6 mL/min. Integration of chromatograms was by the 

Empower™ 2 software package (Empower Software Solutions, Newport Beach, CA). 

4.2.4 Analysis of Components in the Liquid Fraction 

The composition of the pretreatment liquor was determined in triplicates according to 

the standard NREL Laboratory Analytical Procedure “Determination of Sugars, 
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Byproducts, and Degradation Products in Liquid Fraction Process Samples.”23 A volume 

of water equal to three times the sample volume was added to the samples at the start of 

the process to lower the vapor pressure of the liquid to be autoclaved. Glucose 

concentrations in the liquid fraction were measured according to the same HPLC procedure 

as described in the previous section. 

4.2.5 Enzymatic Saccharification 

Pretreated corn stover solids was enzymatically hydrolyzed in triplicates at a 0.5 wt% 

glucan loading in 125-mL Erlenmeyer flasks following the NREL Laboratory Analytical 

Procedure “Enzymatic Saccharification of Lignocellulosic Biomass.”24 Accellerase 1500 

cellulase (Dupont Industrial Biosciences, Palo Alto, CA) was used at 15 mg enzyme/g 

glucan protein loadings for all experiments. The BCA protein content of Accellerase 1500 

was reported to be at 82 mg/mL. The flasks were incubated at 50°C and 150 rpm in a 

Multitron Orbital Shaker (Infors HT, Laurel, MD). 750 microliters samples including the 

insoluble substrate and liquor were collected from each flask in 1.5 mL micro centrifuge 

tubes (Spectrum Chemical Manufacturing Corporation, New Brunswick, NJ). These tubes 

were centrifuged at 15,000 RPM in a centrifuge (Model Centrifuge 5424, Eppendorf, 

Hauppauge, NY) ) for 12 minutes, and the supernatant was analyzed by HPLC as noted 

above. Enzyme loadings were applied in terms of mg protein/g glucan in the raw biomass. 

The calculation used to determine enzyme loadings is as follows: 

Enzyme Loading = 

𝑐𝑜𝑛𝑐. 𝑝𝑟𝑜𝑡𝑖𝑒𝑛 𝑖𝑛 𝐴𝑐𝑐𝑒𝑙𝑙𝑒𝑟𝑎𝑠𝑒 1500(
𝑚𝑔

𝐿
)∗𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑝𝑟𝑜𝑡𝑖𝑒𝑛 𝑑𝑖𝑠𝑝𝑒𝑛𝑠𝑒𝑑 𝑖𝑛𝑡𝑜 𝑒𝑛𝑧𝑦𝑚𝑎𝑡𝑖𝑐 ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑠𝑖𝑠 𝑓𝑙𝑎𝑠𝑘

𝑃𝑟𝑒𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 𝑖𝑛𝑡𝑜 𝑒𝑛𝑧𝑦𝑚𝑎𝑡𝑖𝑐 ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑠𝑖𝑠 𝑓𝑙𝑎𝑠𝑘(𝑔)∗𝑔𝑙𝑢𝑐𝑎𝑛 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑖𝑛 𝑟𝑎𝑤 𝑏𝑖𝑜𝑚𝑎𝑠𝑠(%)
           

(1) 
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4.2.6 Material Balance Equations 

Material balances were calculated based the composition of the streams by HPLC as 

noted above and the mass of materials collected. In general, glucose balances were 100% 

± 5% for early reaction times but steadily dropped with reaction times due to breakdown 

of sugars to unknown degradation products. All calculations were in terms of anhydrous 

glucose, i.e., glucan, and glucose will be referred to as glucan in the liquid in this paper. 

The detailed calculations are as follows: 

 

𝑦𝐺𝑠
=

𝑑𝑟𝑦 𝑝𝑟𝑒𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑜𝑙𝑖𝑑𝑠 (𝑔)∗𝑔𝑙𝑢𝑐𝑎𝑛 𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑜𝑓 𝑝𝑟𝑒𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑜𝑙𝑖𝑑𝑠

𝑑𝑟𝑦 𝑐𝑜𝑟𝑛 𝑠𝑡𝑜𝑣𝑒𝑟 𝑓𝑒𝑑 𝑡𝑜 𝐶𝐸𝐿𝐹 𝑟𝑒𝑎𝑐𝑡𝑜𝑟(𝑔)∗𝑔𝑙𝑢𝑐𝑎𝑛 𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑜𝑓 𝑐𝑜𝑟𝑛 𝑠𝑡𝑜𝑣𝑒𝑟
                              (2) 

𝑦𝐺𝑙
=

𝑐𝑜𝑛𝑐. 𝑜𝑓 𝑔𝑙𝑢𝑐𝑜𝑠𝑒 𝑎𝑓𝑡𝑒𝑟 𝑝𝑜𝑠𝑡 ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑠𝑖𝑠 𝑜𝑓 𝐶𝐸𝐿𝐹 𝑙𝑖𝑞𝑜𝑢𝑟 (
𝑔

𝐿
)∗(𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝐶𝐸𝐿𝐹 𝑙𝑖𝑞𝑢𝑜𝑟 𝑓𝑟𝑜𝑚 𝐶𝐸𝐿𝐹 𝑝𝑟𝑒𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡)(𝐿)∗0.90

𝑑𝑟𝑦 𝑐𝑜𝑟𝑛 𝑠𝑡𝑜𝑣𝑒𝑟 𝑓𝑒𝑑 𝑡𝑜 𝐶𝐸𝐿𝐹 𝑟𝑒𝑎𝑐𝑡𝑜𝑟(𝑔)∗𝑔𝑙𝑢𝑐𝑎𝑛 𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑜𝑓 𝑐𝑜𝑟𝑛 𝑠𝑡𝑜𝑣𝑒𝑟∗𝑠𝑢𝑔𝑎𝑟 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 𝑓𝑎𝑐𝑡𝑜𝑟 
  

(3) 

In which 𝑦𝐺𝑠
 and 𝑦𝐺𝑙

  refer to the fractions of the total corn stover glucan that is recovered 

as glucan in the pretreated solids and as glucose in the pretreatment liquor, respectively. 

Errors bars were based on standard deviation of compositional analysis and post hydrolysis 

of the solids and liquids in triplicates, respectively. The sum of the glucan in the liquid and 

solids error bars were calculated using the propagation of errors formula below: 

𝛿(𝑦𝐺𝑠
+ 𝑦𝐺𝑙

) = (𝑦𝐺𝑠
+ 𝑦𝐺𝑙

)√(
𝛿𝑦𝐺𝑠

𝑦𝐺𝑠

)
2

+ (
𝛿𝑦𝐺𝑙

𝑦𝐺𝑙

)
2

                                                                         (4)                                                                        

In which 𝛿 refers to the uncertainty to the corresponding measurement.  

The amount of acid insoluble lignin removed from the corn stover (DL) was 

calculated after pretreatment as follows: 
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DL=1 −
𝑑𝑟𝑦 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 𝑓𝑜𝑙𝑙𝑜𝑤𝑖𝑛𝑔 𝐶𝐸𝐿𝐹 𝑝𝑟𝑒𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 (𝑔)∗𝑙𝑖𝑔𝑛𝑖𝑛 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑖𝑛 𝐶𝐸𝐿𝐹 𝑝𝑟𝑒𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑜𝑙𝑖𝑑𝑠

𝑑𝑟𝑦 𝑐𝑜𝑟𝑛 𝑠𝑡𝑜𝑣𝑒𝑟 𝑓𝑒𝑑 𝑡𝑜 𝐶𝐸𝐿𝐹 𝑟𝑒𝑎𝑐𝑡𝑜𝑟(𝑔)∗𝑙𝑖𝑔𝑛𝑖𝑛 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑜𝑓 𝑐𝑜𝑟𝑛 𝑠𝑡𝑜𝑣𝑒𝑟
  (5) 

Lastly, glucan yields from enzymatic hydrolysis (𝑌𝐸𝐻) were calculated as follows:  

𝑌𝐸𝐻  =

 
𝑐𝑜𝑛𝑐. 𝑜𝑓 𝑔𝑙𝑢𝑐𝑜𝑠𝑒 𝑎𝑓𝑡𝑒𝑟 𝑒𝑛𝑧𝑦𝑚𝑎𝑡𝑖𝑐 ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑠𝑖𝑠(

𝑔

𝐿
)∗𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑒𝑛𝑧𝑦𝑚𝑎𝑡𝑖𝑐 ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑠𝑖𝑠 𝑓𝑙𝑎𝑠𝑘(𝐿)∗0.90

𝑑𝑟𝑦 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑝𝑟𝑒𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 𝑎𝑑𝑑𝑒𝑑 𝑡𝑜 𝑓𝑙𝑎𝑠𝑘(𝑔)∗𝑔𝑙𝑢𝑐𝑎𝑛 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑖𝑛 𝑝𝑟𝑒𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑜𝑙𝑖𝑑𝑠
      (6) 

 

4.2.7 Kinetic Model to Describe Glucan Release by CELF Pretreatment 

 

The following stoichiometry was applied to describe glucan solubilization: 

𝐶𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒 
𝑘1
→ 𝐺𝑙𝑢𝑐𝑜𝑠𝑒

𝑘2
→ 𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠                                                                     (7) 

However, when 100% of the glucan could be accounted for in mass balances, then 𝑘2 could 

be assumed to be negligible at those conditions. According to the law of mass action for 

this stoichiometry, the rate equation to account for the mass of glucose left in the solids 

and solubilized into the liquid were: 

𝑑𝐺𝑠

𝑑𝑡
= −𝑘1[𝐺𝑠]                                                                                                                               (8) 

𝑑𝐺𝑙

𝑑𝑡
= 𝑘1 [𝐺𝑠]                                                                                                                                 (9) 

in which  𝐺𝑆 and 𝐺𝑙 are the masses of glucan in the solids and glucan liquid, respectively.  

The following Arrhenius expression was assumed to apply to the reaction rate constant k1: 

𝑘1 = 𝐴𝐻𝑒−
𝐸𝑎
𝑅𝑇                                                                                                                              (10) 

The first order rate constant 𝑘1 that includes the proton concentration H has units of min-1. 

Additionally, 𝐴 and 𝐸𝑎  are the Arrhenius pre-exponential factor and the activation energy, 
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respectively. Lastly, R is the gas constant with units of J/(mol K), T is the pretreatment 

reaction absolute temperature in K, and t is the pretreatment reaction time in minutes. 

If 𝐺𝑆0
 and 𝐺𝑙0

 are the amounts of glucan in the solids before pretreatment and the 

amount of glucan in the liquid at the start of pretreatment, respectively, then Integration of 

Equations 8 and 9 with initial conditions 𝐺𝑆 =  𝐺𝑆0
 and 𝐺𝑙0

= 0 at 𝑡 = 0 results in the 

following equations 11 and 12: 

𝐺𝑠 =  𝐺𝑠0
𝑒−𝑘1𝑡                                                                                                                            (11) 

𝐺𝑙 =  𝐺𝑠0
[1 − 𝐺𝑠0

𝑒−𝑘1𝑡]                                                                                                             (12) 

Dividing equations 11 and 12 by GS0, the amount of glucan initially in corn stover 

before pretreatment, gives the following expressions to describe the fractions of glucan left 

in the pretreated solids and recovered in the pretreatment liquid:  

𝑦𝐺𝑠
=  𝑒−𝑘1𝑡                                                                                                                                 (13) 

𝑦𝐺𝑙
= [1 − 𝑒−𝑘1𝑡]                                                                                                                        (14) 

The activation energy Ea in equation 10 was calculated from the slope of the line for a plot 

of the natural logarithm of the rate constant versus the inverse of the absolute temperature 

for the three temperatures run:  

ln(𝑘) = −
𝐸𝑎

𝑅
(

1

𝑇
) + ln (𝐴)                                                                                                                           (15) 

The pre-exponential factor A could then be determined based on the fit of k values to 

equation. 
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4.2.8 Fractal Kinetic Model to Describe Glucan Release by Enzymes 

The fractal kinetic model employed in this study was based on the following first-order 

reaction to describe glucan solubilization with a time dependent rate constant that describes 

enzymatic hydrolysis confined within two dimensions:25  

𝑑𝐶

𝑑𝑡
= 𝑘𝑡𝐶                                                                                                                                      (16)     

𝑘𝑡 = 𝑘𝑡−ℎ                                                                                                                                    (17) 

in which 𝐶, 𝑘𝑡, 𝑘, 𝑡, 𝑎𝑛𝑑 ℎ are the cellulose concentration, the time-dependent rate 

coefficient, the rate constant in the three-dimensional kinetics, and the fractal exponent, 

respectively. Combining equation 16 and 17, integrating, and dividing by the original 

amount of cellulose present provides an equation in terms of conversion X.26 We assume 

selectivity and to be one so X can be replaced with yields(𝑌𝐸𝐻). 

𝑌𝐸𝐻 = 100 ∗ (1 − 𝑒
−𝑘(1+

𝑡1−ℎ−1

1−ℎ
)
)                                                                                                          (18) 

4.2.9 Severity Parameter Calculations 

 

The severity parameter (Log R0) was calculated as follows: 

log(𝑅0) = 𝑙𝑜𝑔 (𝑡 ∗ 𝑒(
𝑇−100

14.75
))                                                                                                                  (19) 

with 𝑅0, 𝑡, and 𝑇 being the severity parameter, the pretreatment reaction time, and 

pretreatment temperature, respectivley.27 To take into account the effects of acid, the 

combined severity factor was calculated as follows:   

 log(𝑅ℎ) = 𝑅0 − 𝑝𝐻                                                                                                                                (20) 
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where 𝑅ℎ and 𝑝𝐻 are the combined severity factor and the pH of the liquid during 

pretreatment, respectivley.28 The pH was measured for the pretreatment liquor after 

pretreatment.    

4.3 Results and Discussion 

4.3.1 Effects of CELF Pretreatment Time and Temperature on Glucan Fate  

Figure 4.1 presents the mass of glucan recovered in the pretreated solids and the 

pretreatment liquor after a 5 wt% solids loading of corn stover was subjected to CELF 

pretreatment in 0.5 wt% sulfuric acid at 130, 140, and 150°C for 10, 20, 30, and 40 minutes. 

As expected, at 130°C most of the glucan was left in the pretreated solids: 98.9%, 96.7%, 

96.2%, and 95.6% of the original glucan was still in the solids after CELF pretreatment for 

10, 20, 30, and 40 minutes, respectively. Furthermore, with the percent of glucan released 

to the liquid by CELF pretreatment from corn stover at 130°C being 6.2%, 6.6%, 6.3%, 

and 6.4%, at these respective times, virtually 100% of the glucan could be accounted for at 

this temperature.  At 140°C, 95.0%, 92.5%, 91.0%, and 89.5% of the glucan mass 

originally in the corn stover was still left in solids after CELF pretreatment for the same 

respective times, while 5.6%, 6.2%, 5.5%, and 5.6% of the original mass of glucan was 

recovered in the liquid.  Thus, about 1.3%, 3.4%, and 4.9% of the glucan mass in corn 

stover was lost to degradation for pretreatment at 20, 30, and 40 minutes, respectively. 

Lastly, at 150°C, 94.7%, 90.9%, 88.6%, and 88.3% of the glucan mass was recovered in 

CELF pretreated solids; 7.9%, 8.6%, 8.9%, and 9.8% of the mass was recovered in the 

liquid; thus, 0.5%, 1.6%, and 2.9% of the glucan was lost to degradation for pretreatment 

times of 20, 30, and 40 minutes, respectively. It is interesting to note that CELF 
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pretreatment at 140°C resulted in slightly more glucan degradation than at 150°C.  

However, because dropping the temperature from 150 to 140oC results in the THF:water 

system transitioning from a one phase to a two phase system, the resulting doubling of the 

acid concentration at 140oC compared to that for the single phase THF-water mixture at 

150°C would increase glucan degradation.  The effect of this transition from a single phase 

to two phases for this temperature drop will also have implications for the kinetic model 

rate constants that will be further discussed in the following section. 

4.3.2 Modeling Glucan Solubilization by CELF  

Once pretreatment yields were measured over time, rate constants for the models 

described in the Materials and Methods section were fit to the data using a generalized 

reduced gradient non-linear regression algorithm in Excel to minimize the sum of the 

squares of the differences between the data and the model predictions.  These rate constants 

for glucan solubilization by CELF were calculated independently for each of the three 

pretreatment temperatures.   

For glucan removal according to reaction equations 11 and 12 initial rate constants 

were estimated so that the sum of the squared difference (SSD) value was less than 20, and 

no constraints were placed on the regression. The results from this approach are 

summarized as Scenario 1 in Table 4.1 and plotted in Figure 4.2. The reaction constant for 

temperatures 130, 140, and 150°C were 0.00126, 0.00313, and 0.00372 per minute, 

respectively. All the regressions had an SSD of less than 15. The activation energy to 

account for the effect of temperature on the reaction rate for cellulose solubilization was 

determined to be 77.5 kJ/mol with an R-squared value of 0.874 by taking the slope of a 
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plot of the natural logs of the rate constants against the inverse absolute temperatures 

(Kelvin) according to Arrhenius equation 15.  

Table 4.2 summarizes activation energies for cellulose solubilization reported in the 

literature for dilute acid and ethanol organosolv pretreatments of various substrates.17,29–34 

Most of the values shown reflect the activation barrier for hydrolysis of crystalline cellulose 

because of it being present in much higher proportions and the amorphous cellulose 

solubilizes too quickly to be followed at the reaction temperatures employed (T>160°C). 

As shown, reported activation energies vary widely due to the variety of pretreatment types, 

substrates, and reaction temperatures. In any event, the values calculated for CELF 

solubilization for Scenario 1 in Table 4.1 are considerably lower than those in Table 4.2 

that do not employ THF.  This difference suggests the THF-water co-solvent reduces the 

activation energy for cellulose deconstruction in a manner at that suggested for lignin.10 

However, enhancement of cellulose solubilization in the miscible regime should result in 

a large difference in rate constants in moving from 140°C to 150°C, which is not the case.  

As mentioned previously, the sulfuric acid concentration would be expected to drop 

when the temperature is increased from 140oC to 150oC as the acid moves from being 

primarily in just water to being distributed throughout the miscible THF:water mixture. 

Thus for the 0:50 mixture of THF:water applied here, the calculation of rate constants 

should account for an approximate doubling of sulfuric acid concentration when operating 

in the immiscible regime. Accordingly, the rate constants for 130°C and 140°C were 

reduced by 50% to account for doubling the acid concentration, and the rate constants for 

glucan solubilization at 130 and 140oC now become 0.00628 and 0.01566 per minute, 
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respectively, while the value at 150°C remains at 0.03718 per minute. In this case, the 

activation energy calculated from an Arrhenius plot becomes 126.1 KJ/mol with an R-

squared of 0.999.  This value of the cellulose solubilization activation barrier is close to 

the value determined for amorphous cellulose solubilization by Sidiras,33,34 suggesting that 

glucose released into solution by CELF primarily comes from amorphous cellulose. 

Additionally, the virtual doubling of the rate of cellulose solubilization for each 10°C 

increase in temperature between 130°C and 150°C indicated that glucose production was 

not catalytically enhanced in the THF-Water miscibility regime. In light of these results, it 

appears that cellulose solubilization by CELF pretreatment is similar to that for other low 

pH pretreatments for which the mechanism for cellulose solubilization has been studied 

extensively35–39.  Results for these studies show that the degree of polymerization of 

cellulose drops rapidly initially and then levels off vs time, suggesting that rapid hydrolysis 

of amorphous cellulose leaves primarily crystalline regions that is more resistant to acid 

attack.  

 

4.3.3 Effects of CELF Pretreatment Time and Temperature on Enzymatic Hydrolysis of 

Solids 

Figure 4.3 presents glucan yields over 6 days for enzymatic hydrolysis of CELF 

pretreated corn stover at 5 wt% solids and an enzyme loading of 15 mg protein/g glucan. 

The first sample was taken at hour 4 for solids pretreated at 150°C and at hour 6 for solids 

pretreated at 140°C and 130°C, followed by taking samples at every 24 hours after that.  

Yields from enzymatic hydrolysis of solids CELF pretreated at 130°C for 20, 30, and 40 
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minutes (Figure 4.3a) slowed dramatically with time in comparison to solids pretreated at 

the two higher temperatures. By day 6, the respective glucan yields were 81%, 86% and 

86% in order of increasing temperature. However, despite the extended enzymatic 

hydrolysis run time, the enzymatic hydrolysis continued as is typical for enzymatic 

hydrolysis of solids produced by CELF. As shown in Figure 4.3a, enzymatic hydrolysis of 

solids pretreated at 140°C for 10, 30, and 40 minutes achieved 85%, 100%, and 100% 

glucan yields by days 6, 3, and 3, respectively, and Figure 4.3b reveals that 99% glucan 

yields were achieved by day 2 for solids CELF pretreated at 140oC for 30 and 40 minutes. 

Lastly, Figure 4.3c shows that enzymatic hydrolysis of solids CELF pretreated at 150°C 

for 10, 20, 30, and 40 minutes achieved glucan yields of 95% by day 4 and 100% after day 

6, 2, and 2, respectively. Significantly enhanced glucan enzymatic hydrolysis rates and 

yields from CELF solids compared to dilute acid pretreated solids has been previously 

documented, and fractal kinetic models suggest that the h-factor directly correlates with 

the amount of lignin present in the solids. Therefore, fractal kinetics will be applied to the 

data above in the following section to further determine correlations between CELF 

pretreatment operating parameters and enzymatic hydrolysis rates and yields.  

4.3.4 Kinetic Modeling of Enzymatic Hydrolysis of CELF Pretreated Solids 

Once glucan yields had been experimentally measured versus time, rate constants were 

calculated using a generalized reduced gradient algorithm in Excel to minimize the sum of 

the squares of the differences between values calculated according to the fractal kinetic 

model described in the Materials and Methods section. The rate coefficient (k) and fractal 

exponent (h) parameters were determined by fitting equation 18 to the glucan yield data 
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with no constraints for each enzymatic hydrolysis experiment. In all cases guesses of 0.2 

and 0.3 were chosen for k and h, respectively, at the start of the regression. Table 4.3 

tabulates results for each case, as well as the calculated combined severity factor and the 

amount of lignin removed by each CELF pretreatment. Additionally, the values generated 

by the model are plotted against the measured data in Figure 4.4.  For pretreatments at 

140°C and 130°C, the combined severity factor is based on doubling the acid concentration 

as a result of two phase formation mentioned above.  

The highly enriched glucan left in the solids produced by CELF pretreatment have been 

shown to be highly susceptible to enzymatic hydrolysis, with the prevailing theory 

attributing this result to enhanced removal of xylan and lignin.7  A high value of k in the 

fractal model can be viewed as reflecting a faster reaction rate, with high while a high value 

of h would indicate resistance. Nguyen et al. showed that h values calculated for CELF 

pretreated solids dropped dramatically in comparison to values of dilute acid pretreatment, 

possibly due to high removal of lignin by CELF.7 Figures 4.5 and 4.6 show that k and h, 

respectively, correlate with lignin removal by CELF pretreatment, with respective R-

squared values being 0.68 and 0.80. This correlation is  consistent with lignin removal by 

CELF pretreatment facilitating enzymatic hydrolysis at a faster rate and with less 

impedance.  

To gain more insight into how the susceptibility of the glucan to saccharification 

changes as enzymatic hydrolysis proceeds on CELF pretreated corn stover solids, the 

values of k and h were combined to form the overall rate parameters plotted versus 

enzymatic hydrolysis conversion in Figure 4.7. For solids pretreated at 140°C for 10 
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minutes, 150°C for 10 minutes, and at 130°C for all times, the resulting rate parameters 

were low and dropped off exponentially with increasing conversion. For most of the cases 

that were able to reach 100% conversion, the rate constant remained nearly constant.  The 

exception was that the overall rate parameter calculated for CELF pretreatment at 150°C 

for 10 and for 20 minutes dropped off slowly initially before dropping off much more 

rapidly after 96% conversion. This sudden change at the end of hydrolysis could suggest 

lignin plays a minor role in inhibiting enzymatic hydrolysis until most of the cellulose has 

been hydrolyzed. 

Figure 4.7 also shows an increase in the overall rate parameter with the increased lignin 

removal noted next to each reaction condition for CELF pretreatment. However, there are 

notable examples of higher rates being observed with less lignin removal, usually at the 

same severity factor but different temperatures. For example, the pairing the overall rate 

parameters for CELF pretreatment at 130°C for 20 minutes with 140°C for 10 minutes and 

150°C for 10 minutes with 140°C for 30 minutes reveals that although the former pair 

removed more lignin, the average overall rate parameter was lower. This result suggests 

digestion benefits from higher temperatures in addition to lignin removal.  

Next the combined severity (CS) factor was calculated to compare how different 

combinations of time, temperature, and pH values impact glucan digestion of solids from 

CELF pretreatment of corn stover. As shown by the values in parenthesis in Figure 4.7, 

higher values of the combined severity factor always resulted in greater values of the 

overall rate parameter for operation at the same temperature. However, the overall rate 

parameter increased across the three different CELF pretreatment temperatures even when 
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the severity parameter was the same after taking into account the increased acid 

concentration in the water phase for immiscible liquids at 130 and 140oC. For example, 

although CELF pretreatment at 130°C for 20 minutes, 140°C for 10 minutes, and 150°C 

for 10 minutes all resulted in a CS of 1.18, the overall rate parameter increased with 

temperature, especially when comparing the value calculated at 140°C to that at 150°C. 

Thus, in spite of 140°C and 150°C having the same CS for a given time, the observation 

that the overall rate parameter for operation at 150°C was dramatically higher that that for 

CELF at 140°C indicates that the solids produced at 150°C are more susceptible to 

enzymatic hydrolysis.  However, this change could be due to removing more lignin or the 

higher temperature or both. 

To further understand how CELF pretreatment at 150°C impacted enzymatic 

hydrolysis compared to the effect of lignin removal, the fractal exponent h and the rate 

coefficient k were plotted as a function of combined severity factor in Figure 4.8.  This 

figure clearly shows that h is inversely proportional to CS while k is directly proportional 

to CS, suggesting that enzymatic hydrolysis occurs more quickly and with less resistance 

with increasing CS. Strong trend lines are evident when values for 150° are compared to 

those for 130°C and 140°C, highlighting differences in solids produced in the two different 

THF-water miscibility regimes. The reasons for this difference are not entirely clear, but a 

possible explanation based on prior reports is that a lower h-factor indicates more 

amorphous cellulose is produced for operation in the miscible regime.26 Characterization 

of the solids is needed to test this hypothesis. These results also show CS as a good metric 
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for determining tradeoffs between CELF pretreatment operating parameters provided 

CLEF conditions are within the same THF-water miscibility region.  

4.4 Conclusions 

 Glucan release by CELF pretreatment of corn stover and subsequent enzymatic 

hydrolysis was followed for CELF temperatures of 130, 140, and 150oC.  Rate constants 

and Arrhenius activation energy values calculated by non-linear regression for glucan 

solubilization during CELF pretreatment suggest that most of the glucose released could 

be attributed to a CELF pretreatment converting a high portion of the cellulose to 

amorphous cellulose. Application of a fractal kinetic model to describe glucan release rates 

by enzymatic hydrolysis of the CELF pretreated solids suggests delignification and 

pretreatment temperature play an important role enzymatic hydrolysis rates and yields.  
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4.8 Figures and Tables 

 
Figure 4.1. Glucan recovered in CELF pretreated solids, pretreatment liquor, and the two 

combined.  
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Figure 4.2. Comparison of results from kinetic models fitted to pretreatment data by non-

linear regression (lines) to data for glucan left in solids and released into the liquid by CELF 

pretreatment at the temperatures shown.  
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Table 4.1.  Rate constants from fit of kinetic model to glucan solubilization data for two 

different scenarios, Arrhenius activation energies calculated from their change with 

temperature, and correlation coefficients for rate constants  
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Table 4.2. Activation energies reported in the literature for hydrolysis of glucan in solids 

produced by dilute acid and organosolv pretreatments of several biomass feedstocks. 
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Figure 4.3. Glucose (expressed in terms of glucan) released into the liquid over time of 

enzymatic hydrolysis of solids produced by CELF pretreatment at: (a) 130°C for 20 

minutes (circles), 30 minutes (triangles), and 40 minutes (diamonds); (b) 140°C for 10 

minutes (circles), 30 minutes (triangles), and 40 minutes (diamonds); and (C) 150°C for 10 

minutes (circles), 20 minutes (squares), 30 minutes (diamonds), and 40 minutes (triangles). 

The enzyme loading was 15 mg Accellerase 1500 cellulase protein/g glucan for all cases. 
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Figure 4.4. Values (shown as lines) calculated by fitting fractal kinetic models to data 

(represented by circles, diamonds, squares, and triangles) for glucose (expressed in terms 

of glucan) released into the liquid over time of enzymatic hydrolysis of solids produced by 

CELF pretreatment at the temperatures and times shown. The enzyme loading was 15 mg 

Accellerase 1500 cellulase protein/g glucan for all cases. 
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Table 4.3. Values of the rate coefficients and fractal exponents calculated by fitting fractal 

kinetic models to data from enzymatic hydrolysis of CELF pretreated solids at the 

temperatures and times shown.  The percent lignin removed and combined severity factor 

are also listed for each condition. 
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Figure 4.5. Relationship between lignin removal by CELF pretreatment of corn stover and 

the value of the rate coefficient k calculated by fitting the fractal kinetic model to data 

produced by enzymatic hydrolysis of CELF pretreated solids.  
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Figure 4.6. Relationship between lignin removal by CELF pretreatment of corn stover and 

the value of the fractal exponent h calculated by fitting the fractal kinetic model to data 

produced by enzymatic hydrolysis of CELF pretreated solids.  

.  
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Figure 4.7. The time dependent overall rate parameter calculated from the values of k and 

h from the fractal kinetic model plotted versus corresponding conversion for CELF 

pretreatments at the times and temperatures shown as the first two values. The lines are 

labeled as: pretreatment temperature and time, percent lignin removal during pretreatment, 

and combined severity. 
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Figure 4.8. Relationships of rate coefficient k and fractal exponent h to combined severity 

factor for CELF pretreatment of corn stover at the temperatures and times shown with lines 

representing trend line fits to data. 



148 
 

 

 

 

 

 

Chapter 5: Understanding the Influence CELF Reaction Time Has on Consolidated 

Bioprocessing Rates and Yields 
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5.0 Abstract  

Co-solvent Enhanced Lignocellulosic Fractionation (CELF) pretreatment followed by 

Consolidated Bioprocessing (CBP) using Clostridium thermocellum has been shown to be 

an effective combination for virtually complete sugar release from lignocellulosic biomass. 

However, structural changes that occur in poplar during pretreatment and their impacts on 

CBP rates and conversions are not fully understood. In this paper, Poplar was pretreated 

by CELF at 150°C for 5, 15, and 25 minutes to obtain solids with varying degrees of 

structural change. CBP was then applied to these solids that were highly enriched in glucan 

to determine sugar release by CBP as a function of CELF pretreatment duration and shown 

to realize high conversions (>90%) even at the shorter CELF pretreatment times.  A fractal 

kinetic model was then fit to these CBP results to understand how different CELF 

pretreatment durations impacted CBP rates and conversion. Although it is clear that lignin 

has an impact on CBP final conversion, the model suggests lignin has no impact on CBP 

rates even after only 5 minutes of CELF pretreatment. Overall, the developments in this 

paper can be paired with characterization techniques to develop more conclusive evidence 

as to which structural factors impact CBP rates and conversion after CELF pretreatment 

5.1 Introduction  

Consolidated Bioprocessing (CBP) using Clostridium thermocellum combined with 

Co-solvent Enhanced Lignocellulosic Fractionation (CELF) has been shown to be an 

effective combination for virtually total sugar release from switchgrass and poplar.1–3  

CELF combined with CBP takes advantage of CELF’s ability to efficiently remove lignin 

and xylan from biomass to produce solids highly enriched in glucan at relatively mild 
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temperatures4–6 (<150°C) with C. thermocellum’s cellulosomes containing an assortment 

of cellulases and hemicellulases that are highly effective in breaking down polysaccharides 

in the solids to release sugars.7,8 The combination of CELF temperature and time to achieve 

maximum combined sugar yields by CELF pretreatment and CBP combined has been 

identified for application to switchgrass,1 and it has been shown that lignin removal has a 

strong influence on CBP rates and conversions from CELF pretreated switchgrass1 and 

poplar.3 However, little information has been developed on changes in biomass structural 

properties (e.g., residual lignin linkages, and cellulose crystallinity) by CELF pretreatment 

that have the greatest influence on CBP rates and conversions, and such insights would 

help guide optimizing and advancing technologies for biological conversion of cellulosic 

biomass to fuels and chemicals.  

To address this need, data is developed on the effect of CELF pretreatment time at 

constant temperature on lignin composition of poplar to track the time profile of 

components released from the solid biomass (e.g., lignin subunits) and structural changes 

(e.g., cellulose crystallinity).  Next, CBP by C. thermocellum was applied to the solids 

generated to determine the impact of solid features on biological conversion over time. 

Finally, the CBP data was fit to a fractal kinetic model by non-linear regression to calculate 

fractal kinetic rate constant k and fractal exponent h to gain additional insights into how 

pretreatment time and changes in solids features influenced sugar release by CBP. The 

results give important insights into key features that influence the effectiveness of C. 

thermocellum CBP in deconstructing cellulosic biomass to sugars.  

5.2 Materials and Methods 
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5.2.1 Materials  

CBI poplar milled through a ¾ inch screen was obtained from Oak Ridge National 

Laboratory, Tennessee. The biomass was mixed and divided before transferring into 

multiple gallon sized bags that were then stored in a -4°C freezer. The entire contents of 

each bag was knife milled by a Model 4 Thomas Wiley® mill (Thomas Scientific, 

Swedesboro, NJ) equipped with a 1 mm sieve. The resulting milled biomass was mixed 

thoroughly before each use.  Analytical grade glucose and xylose (99.5%, Spectrum®, 

Compton, CA) were used for sugar standards for HPLC analysis. Sulfuric acid (72 wt%,) 

from Ricca Chemical Company (Arlington, TX) was diluted with DI water for all 

pretreatments and analytical procedures, and the tetrahydrofuran (THF) used for CELF 

pretreatment and solids washing was obtained from Fisher Scientific (Pittsburg, PA). 

5.2.2 Pretreatment  

Pretreatment was performed in a 1-L Hastelloy C Parr reactor (Parr Instruments, 

Moline, IL) fitted with a 3.5 in. diameter helical impeller on a two-piece shaft. The impeller 

was driven by a variable speed DC motor assembly (A175HC, Parr Instruments, Moline, 

IL). Temperature was monitored by a K-type thermocouple (Extech Instruments, 421501) 

and a 1/8-in. stainless steel thermocouple probe (Omega Engineering Co., Stamford, CT) 

bent to prevent contact with the rotating impeller. A 4-kW fluidized sand bath (Model SbL-

2D, Techne, Princeton, NJ) maintained the pretreatment temperature within 2°C. The heat-

up times of the reactor contents from 30°C to the desired temperature were less than 3 

minutes in all cases. At the completion of the target pretreatment time, the reactor was 

lowered into a room temperature water bath to cool its contents to 40°C in about 5 minutes. 
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The contents of the reactor were vacuum filtered at room temperature using glass fiber 

filter paper and a Büchner funnel. Samples of the pretreatment liquor and solids were taken 

for compositional analysis. The solids were rinsed with approximately 7 liters of deionized 

water to remove soluble sugars, degradation products, acid, and solvent. The solids were 

left to dry in the funnel until no further liquid dripped from the funnel. The water content 

in the solids was measured using a moisture analyzer (HB43-S Halogen Moisture Analyzer, 

Mettler Toledo, Columbus, OH). The density of the CELF pretreatment liquor was 

determined by weighing 25 mL of liquor in a volumetric flask.  

CELF pretreatments were performed at 150°C for 5, 15, and 25 minutes in liquid 

containing 1:1 THF:Water (w/w) and 0.5 wt% sulfuric acid. A 7.5 wt% solids loading (60 

g on a dry basis) was used in all pretreatments based on 800 g total reaction mass. Before 

pretreatment, biomass was soaked overnight with all ingredients at 4°C to minimize solvent 

evaporation.  

5.2.3 Compositional Analysis of Solids 

Prior to analysis, pretreated solids, unpretreated solids, and Consolidated 

Bioprocessing (CBP) solid residues were dried to constant moisture content in a 40°C 

incubator oven (model, manufacturer, location). The Klason-lignin, glucan, and xylan 

contents of the pretreated, unpretreated, and residual CBP solids were determined in 

triplicates according to the standard NREL Laboratory Analytical Procedure 

“Determination of Structural Carbohydrates and Lignin in Lignocellulosic Biomass”9 but 

scaled down by 1/2, 1/5, 1/6, 1/10, or 1/12, depending on the amount of CBP residual 

available. Glucose and xylose concentrations in the liquid fraction were measured using a 
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Waters Alliance e2695 HPLC system (Waters Co. Milford, MA) equipped with a Bio-Rad 

Aminex HPX-87H column (Bio-Rad Laboratories, Hercules, CA) and a Waters 2414 

refractive index detector (Waters Co., Milford, MA). 5mM sulfuric acid was the eluent at 

a flow of 0.6 mL/min. Integration of chromatograms was by the Empower™ 2 software 

package (Empower Software Solutions, Newport Beach, CA). 

5.2.4 Preparation of Stock and Seed Cultures for Clostridium thermocellum Experiments 

The DSM 1313 wild-type strain of C. thermocellum used for all experiments was kindly 

provided by the laboratory of Dr. Lee Lynd at Dartmouth College, Hanover, NH. A Stock 

culture was grown in a 500 mL anaerobic media bottle (Chemglass Life Sciences, 

Vineland, NJ) and aseptically transferred to 5 mL serum vials for storage at -80°C. A 2% 

by volume inoculum of these stock cultures was used to prepare the seed cultures grown at 

a 5 g/L glucan loading of Avicel® PH-101 (Sigma Aldrich, St. Louis, MO) in a 50 mL 

working volume for 8-9 hours in media for thermophilic Clostridia (MTC) without trace 

minerals for every experiment that involved Clostridium thermocellum. The measured 

concentrations of media components are reported in Table 5.1 
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Table 5.1 Media for Thermophilic Clostridia (MTC) for C. thermocellum CBP 
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The seed culture was stored overnight in a refrigerator before inoculation the next 

day. The different media solutions were prepared separately and purged with nitrogen. All 

solutions except the vitamin solution were sterilized by autoclaving, while the vitamin 

solution was sterilized by passing through a 28-mm diameter polyethersulfone (PES) 

syringe filter with 0.2-µm pores (Corning® Life Science, Tewksbury, MA).  

5.2.5 Clostridium thermocellum Consolidated Bioprocessing 

The separate media solutions were injected into nitrogen purged and autoclaved 

fermentations bottles with the appropriate amount of substrate and water added prior to 

purging. Purging was carried out exactly as described for the seed flask described in the 

previous section. CBP was performed in 125 mL bottles (Wheaton, Millville, NJ) at a 0.5 

wt% glucan loading of pretreated biomass in triplicates at a working mass of 50 g. The 

bottles were incubated in a Multitron Orbital Shaker (Infors HT, Laurel, MD) at 60°C and 

180 RPM after injecting a 2% v/v inoculum from a seed flask prepared as described above. 

Insoluble solids left after CBP were recovered and rinsed thoroughly. Compositional 

analysis was performed on the residues to determine carbohydrates left in the solids.  

Solubilization was calculated by subtracting the amount of sugars left in the biomass from 

the amount in the solids originally. 

5.2.6 Fractal Kinetic Model to Describe Glucan Release by Enzymes 

The fractal kinetic model employed in this study was based on assuming sugar release 

by CBP could be described by  a two dimensional time dependent rate constant:10  

𝑑𝐶

𝑑𝑡
= 𝑘𝑡𝐶                                                                                                                                              (1)     

𝑘𝑡 = 𝑘𝑡−ℎ                                                                                                                                            (2) 
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In which 𝐶, 𝑘𝑡, 𝑘, 𝑡, 𝑎𝑛𝑑 ℎ are the glucan concentration, time-dependent rate coefficient, 

rate constant for three-dimensional kinetics, and the fractal exponent, respectively. 

Combining equations 1 and 2, integrating, and dividing by the original amount of cellulose 

present results in an equation in terms of conversion X.11  For a selectivity of one, X can be 

taken to be the same at the yield, 𝑌𝐸𝐻: 

𝑌𝐸𝐻 = 100 ∗ (1 − 𝑒
−𝑘(1+

𝑡1−ℎ−1

1−ℎ
)
)                                                                                                 (3) 

 

5.2.7 Consolidated Bioprocessing Calculations  

Material balances were based on gravimetric determinations of the mass of each stream 

coupled with HPLC composition analysis. CBP conversion are expressed in terms of the 

polymeric form of the sugar throughout the paper with anhydrous correction factors 

converting monomeric sugar concentrations measured by HPLC to the corresponding 

polymeric carbohydrate. Thus, the amounts of glucose and xylose measured via HPLC 

were converted to equivalent polymeric mass by multiplying by 0.9 and 0.88, respectively. 

Then, the following equations were used to determine sugar conversion during CBP:  

𝐺𝑙𝑢𝑐𝑎𝑛 𝑜𝑟 𝑋𝑦𝑙𝑎𝑛 𝐶𝐵𝑃 𝐼𝑛𝑝𝑢𝑡 (𝑔) =

𝐶𝐵𝑃 𝐵𝑖𝑜𝑚𝑎𝑠𝑠 𝑆𝑜𝑙𝑖𝑑𝑠 𝐼𝑛𝑝𝑢𝑡 (𝑔) 𝑥 (% 𝑆𝑢𝑔𝑎𝑟 𝑃𝑜𝑙𝑦𝑚𝑒𝑟 𝑖𝑛 𝐵𝑖𝑜𝑚𝑎𝑠𝑠 𝐼𝑛𝑝𝑢𝑡)                  (4) 

𝐺𝑙𝑢𝑐𝑎𝑛 𝑜𝑟 𝑋𝑦𝑙𝑎𝑛 𝐶𝐵𝑃 𝑂𝑢𝑡𝑝𝑢𝑡 (𝑔) =

𝐶𝐵𝑃 𝐵𝑖𝑜𝑚𝑎𝑠𝑠 𝑆𝑜𝑙𝑖𝑑𝑠 𝑂𝑢𝑡𝑝𝑢𝑡 (𝑔) 𝑥 (% 𝑆𝑢𝑔𝑎𝑟 𝑃𝑜𝑙𝑦𝑚𝑒𝑟 𝑖𝑛 𝐵𝑖𝑜𝑚𝑎𝑠𝑠 𝑂𝑢𝑡𝑝𝑢𝑡)     (5)  

𝐺𝑙𝑢𝑐𝑎𝑛 + 𝑋𝑦𝑙𝑎𝑛 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 = 1 −

 
𝐵𝑖𝑜𝑚𝑎𝑠𝑠 𝑂𝑢𝑡𝑝𝑢𝑡 (𝑔)

𝐵𝑖𝑜𝑚𝑎𝑠𝑠 𝐼𝑛𝑝𝑢𝑡(𝑔)
(

% 𝐺𝑙𝑢𝑐𝑎𝑛 𝑖𝑛 𝐵𝑖𝑜𝑚𝑎𝑠𝑠 𝑂𝑢𝑡𝑝𝑢𝑡+% 𝑋𝑦𝑙𝑎𝑛 𝑖𝑛 𝐵𝑖𝑜𝑚𝑎𝑠𝑠 𝑂𝑢𝑡𝑝𝑢𝑡

% 𝐺𝑙𝑢𝑐𝑎𝑛 𝑖𝑛 𝐵𝑖𝑜𝑚𝑎𝑠𝑠 𝑂𝑢𝑡𝑝𝑢𝑡+% 𝑋𝑦𝑙𝑎𝑛 𝑖𝑛 𝐵𝑖𝑜𝑚𝑎𝑠𝑠 𝑂𝑢𝑡𝑝𝑢𝑡
)                                   (6) 
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5.3 Results and Discussions 

5.3.1 The Impact of Pretreatment Time on Lignin Removal 

High sugar release by the CELF/CBP combination has realized from solids produced 

by CELF pretreatment of switchgrass1 and poplar.3 In both cases, the high rates and yields 

of sugar release by C. thermocellum CBP was attributed to lignin removal from the solids. 

In addition, CELF pretreatment at higher temperatures resulted in faster rates and higher 

conversion. In this study, the CELF pretreatment temperature was held constant at 150°C 

while pretreatment time was varied to facilitate tracking lignin removal and structural 

changes that impacted deconstruction by C. thermocellum most during CBP.  

CBI poplar with a lignin content of 19% was subjected to CELF pretreatment as 

described in Materials and Methods at 150°C for 5, 15, and 25 minutes to produce solids 

containing  13.4%, 9.4%, and 4.9% lignin, respectively.  Thus, the amount of lignin left in 

the solids dropped dramatically even after just 5 minutes of CELF pretreatment, and then 

linearly after that for the pretreatment times employed. The trend can be attributed to the 

β-O-4 and α-O-4 lignin linkages cleaving quickly, especially in CELF,12 followed by 

slowly breaking more robust β-β, β-5, and 5-5 linkages.13–18 However, solids 

characterization was applied next to confirm this hypothesis. 
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Figure 5.1. Lignin Percent found in raw Poplar and CELF pretreated Poplar at 150°C and 

5, 15, and 25 minutes. CELF pretreatments were performed at 7.5 wt% solids loading in a 

1:1 THF:Water co-solvent system containing 0.5 wt% sulfuric acid.  

 

5.3.2 Consolidated Bioprocessing on CELF Pretreated Poplar 

Figure 2 reports results from application of thermocellum CBP to poplar solids that 

were produced by CELF pretreatment at 150°C for 5, 15, and 25 minutes. The total glucan 

plus xylan released from solids produced by CELF pretreatment of poplar at 150°C for 5 

minutes were about 27%, 67%, 90%, 94%, 94%, and 94% after 0.5, 1, 2, 3, 4, 5 and 7 days 

of CBP, respectively. Thus, despite the solids undergoing pretreatment for only 5 minutes, 

C. thermocellum was able to convert almost all of the available sugars from the solids in 

only 3 days. Increasing the CELF pretreatment time to 10 minutes while keeping the 

temperature constant increased glucan plus xylan release to 27%, 82%, 90%, 98%, 99%, 

98%, and 98% at 0.5, 1, 2, 3, 4, 5 and 7 days, respectively. Despite tripling the reaction 
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time, the total sugar conversion only increased by about 4% compared to solids from CELF 

pretreatment for 5 minutes, indicating most of the components controlling sugar release 

can be removed at relatively short times while those that limit complete sugar accessibility 

are more difficult to remove. Increasing the time to 25 minutes further increased glucan 

plus xylan deconstruction to 80%, 91%, 90%, 99%, and 100% after 0.5, 1, 2, 3, and 4 days 

of CBP, respectively. The rate of CBP increased dramatically and complete sugar 

conversation was possible, suggesting that components removed between 15 and 25 

minutes have a dramatic impact on C. thermocellum’s ability to accessing all the 

polysaccharides.  

 

Figure 5.2 Glucan plus xylan released by Clostridium thermocellum CBP from solids 

produced by CELF pretreatment of Poplar at 150°C for 5, 15, and 25 minutes. 

 

Additional insights on the rates of enzymatic hydrolysis of CELF pretreated solids was 

gained by fitting the data in Figure 2 to a fractal kinetic model.4 Fractal kinetics assumes 
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enzymatic hydrolysis is proportional to the amount of reactive material left multiplied by 

a rate coefficient that changes with time as described by Equation 2.10,11,19 The rate 

constants and fractal exponents were evaluated using a generalized reduced gradient 

algorithm to minimize the sum of the squares of the difference between values calculated 

according to Equation 3 and the experimental data. The rate constants and fractal exponents 

were then used to calculate the rate coefficient at each time. Relating the rate coefficient at 

each time to the corresponding conversion can then provide insight into the extent to which 

C. thermocellum is slowing as reaction proceeds. Figure 3 plots the resulting rate constants 

along with the corresponding fractal exponents and rate coefficients used to calculate the 

rate constants as a function of conversion by Clostridium thermocellum of solids produced 

by CELF pretreatment of poplar at 150°C for 5, 15, and 25 minutes.  
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Figure 5.3 The change in fractal kinetic rate constants and corresponding rate 

coefficients and exponent values for C. thermocellum CBP of solids produced by CELF 

pretreatment of poplar for 5, 15, and 25 minutes at 150oC. 

 

The nearly constant values of the rate coefficients with conversion of solids produced 

by CELF pretreatment at 5 and 15 minutes indicates that the rate of sugar release by C. 

thermocellum is essentially first order in terms of polysaccharides left in the solids until 

the conversion reaches its maximum. Thus, the recalcitrance does not change with 

conversion, in contrast to the drop in rates for enzymatic hydrolysis of solids produced by 

other pretreatments that has been attributed to enzyme deactivation, stuck enzymes, or 

changes in recalcitrance with conversion.  Although the rate is constant, 100% conversion 

is not achieved for solids pretreated at these conditions suggesting while most of the 

polysaccharides are easily accessible, a final fraction is highly recalcitrant. Additionally, 
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pretreating poplar for 15 minutes vs. 5 minutes not only allowed C. thermocellum to access 

slightly more sugars, but at a faster rate, as is evident by its higher rate constant.  

The initial rate constant for C. thermocellum CBP of poplar CELF pretreated at 150°C 

for 25 minutes was an order of magnitude greater than the values for 5 and 15 minute 

pretreatments at the same conversion, indicating pretreating for 10 minutes more made it 

dramatically easier for C. thermocellum to access polysaccharides. However, the rate 

constant dropped significantly with increasing conversion by CBP until the rate constant 

reached similar values as for lower temperature CELF.  Considering that the fractal 

exponent has been positively correlated with the amount of lignin in the solids4,11 and the 

rate constant for C. thermocellum deconstruction is virtually constant for shorter CELF 

pretreatment times, it can be inferred that the importance of lignin content is reduced p for 

solids pretreated at longer times, especially since conversion reached 100%. Alternatively, 

considering the amount of substrate available to C. thermocellum after pretreatment for 25 

minutes at 150°C, the exponent can be interpreted to mean overcrowding of C. 

thermocellum on the exposed substrate as for cellulases during enzymatic hydrolysis.11  

Although CBP conversion data and fractal kinetic modeling provide valuable insights 

into factors that control the digestibility of poplar after CELF pretreatment, pairing this 

information with SEM and TEM imaging to follow how the solids change as a function of 

time during pretreatment and during CBP characterization would provide more insight into 

factors controlling biomass deconstruction. Additionally, 2D-NMR can provide 

information on lignin linkages broken by CELF pretreatment as a function of time and help 

identify which lignin subunits contribute the most to slowing CBP rates and conversion. 
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Lastly, X-Ray diffraction would reveal whether generation of amorphous cellulose over 

CELF pretreatment time impacts CBP rates.       

5.4 Conclusions 

 CELF Pretreatment was applied to CBI poplar at 7.5 wt% solids loading in a 1:1 

THF:water (w/w) solution containing 0.5 wt% acid at 150°C for 5, 15, and 25 minutes. The 

lignin content in the solids dropped from around 19% in raw poplar to 13%, 9%, and 5% 

with increasing time. Subjecting the resulting solids to C. thermocellum CBP revealed that 

longer CELF pretreatment times increased the rate and yield of sugar release, with the 

longer time pretreatment able to reach 100% conversion in only 3 days.  Thus, available 

sugars could be more easily accessed the longer the solids were pretreated. Fitting the CBP 

deconstruction data to a fractal kinetic model using non-linear regression revealed that the 

rate of release of sugars by C. thermocellum CBP from solids pretreated for 5 and 15 

minutes remained virtually constant as a function of conversion, showing that the solids 

produced by CELF pretreatment were uniformly amenable to C. thermocellum action. 

Additionally, the fact that the fractal exponent was zero for CELF pretreatment for 5 and 

15 minutes indicated that the effect of lignin did not change as C. thermocellum digested 

the solids.  However, C. thermocellum was not able to completely digest the solids for these 

pretreatment times while increasing the CELF pretreatment time to 25 minutes allowed C. 

thermocellum to access all of the sugars quickly. Interestingly, the fractal exponent of 0.375 

for CBP of these solids may be explained in terms of overcrowding of C. thermocellum on 

the exposed surfaces. Overall, insights into how CELF pretreatment affects recalcitrance 

would benefit from pairing these results with imaging and other characterization techniques 
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to reach a more conclusive understanding of how CELF pretreatment changes structural 

features that impact CBP rates and conversion towards structural factors that impact CBP 

rates and conversion after pretreatment 
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6.0 Abstract  

For the first time, simultaneous saccharification and isomerization was performed 

on Avicel by coupling wild type DSM 1313 Clostridium thermocellum with immobilized 

glucose isomerase. To maximize fructose yields, this research focused on determining how 

solids loading, metabolic suppressants, and supplemental β-glucosidase affect limitations 

on glucose yields by the wild type C. thermocellum used in this study. Increased solids 

loading had the largest impact on glucose production, with 32% glucan yields realized at a 

20 g/L Avicel loading, while metabolic suppressants and supplemental β-glucosidase 

realized glucan yields of 10% at 10 g/L and 100 g/L Avicel loading, respectivley.  

Additionally, because C. thermocellum cellulosomes continue to saccharify cellulose at 

higher temperatures not suitable for its growth, the cellulosomes could be used without the 

need for cellulosome removal. Overall, the developments reported can serve as a road map 

to development of cellulolytic thermophilic enzymes with the potential to perform better 

than the fungal enzymes traditionally employed for cellulose hydrolysis to glucose.  

6.1 Introduction  

Lignocellulosic biomass provides an inexpensive renewable resource for production of 

liquid transportation fuels and chemicals that can significantly reduce environmental 

impacts, and particularly greenhouse gas emissions, compared to fossil sources while 

enhancing economic and national energy security.1–3 Biological routes built around 

enzymatic hydrolysis are favored for converting lignocellulosic biomass because they can 

realize the high yields vital to low costs. Five key operations are required for the enzymatic 

conversion of lignocellulose to fuels: biomass size reduction, pretreatment, 
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saccharification, sugar conversion, and product recovery and purification. For biological 

routes, the third step, saccharification, a synergistic combination of enzymes converts 

polysaccharides made accessible by pretreatment into dissolved sugars in a process known 

as enzymatic hydrolysis.4  

Clostridium thermocellum, an anaerobic and thermophilic bacteria, produces the most 

active cellulolytic enzymes arranged in a multifunctional complex known as a 

cellulosome.5–9 Although typically considered in a mode called consolidated bioprocessing 

or CBP, C. thermocellum could also be used for production of sugars.10,11  For example, 

Prawitwong et al. utilized a genetically modified Clostridium thermocellum (S19) 

supplemented with thermostable β-glucosidase from Thermoanaerobacter brockii to 

produce glucose at 70% and 72% yields from cellulose and alkali-pretreated rice straw, 

respectively.10 In this case, saccharification was at pH 7 and 60°C, in contrast to conditions 

of pH 5 and 50°C traditionally used for fungal enzymes.  

Most applications of cellulolytic enzymes target production of glucose for fermentation 

to ethanol or other products, catalytic technologies are also being developed for conversion 

of the sugars in biomass to 5-hydroxymethyl furfural (5-HMF), a valuable platform 

chemical that has applications in fuels, plastics, and pharmaceuticals.12 However, because 

catalytic conversion of glucose to 5-HMF suffers from much lower yields than for 

conversion of fructose, it is important to develop routes to produce fructose from biomass 

with high yields.  Glucose isomerase enzymes operating at about  pH 7 and 60°C are widely 

used to make fructose from corn syrup13.  However, because limited success has been 

achieved from coupling glucose isomerase with hydrolysis of cellulose to glucose, the aim 
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of this study was to determine the viability of combining saccharification of cellulose to 

glucose by Clostridium thermocellum with isomerization of the glucose released to fructose 

via a novel process we termed simultaneous saccharification and isomerization (SSI). 

6.2 Materials and Methods 

 6.2.1 Materials  

Commercially available Avicel® PH-101 (Lot No. BCBN7864V, Sigma-Aldrich®, St. 

Louis, MO) was used as is for hydrolysis. Based on results from compositional analysis, 

the purity of Avicel was assumed to be 100% glucan for calculations and will be referred 

to as glucan throughout the paper. Lactic acid, acetic acid, ethanol, and glucose obtained 

from Sigma-Aldrich® (St. Louis, MO), Fisher Scientific™ (Fair Lawn, NJ), Spectrum® 

Chemical Mfg. Crop. (Gardena, CA), and Sigma-Aldrich® (St. Louis, MO), respectively, 

were used as standards for HPLC analysis. 72 wt% sulfuric acid (Ricca Chemical 

Company, Arlington, TX) was added to samples to lower pH before HPLC analysis with 

an H-column. Novozymes 188 (Novozymes, Franklinton, NC) containing 44 mg 

protein/mL as measured by the Bio-Rad protein assay (Bio-Rad Laboratories, Hercules, 

CA) was used for saccharification. Immobilized glucose isomerase (IGI) from 

Streptomyces murinus (Novozymes, Franklinton, NC) with a manufacturer’s measured 

activity of 350 U/g was used for isomerization. Sodium azide (Fisher Scientific™, Fair 

Lawn, NJ) was added as a metabolic suppressant for Clostridium thermocellum 

experiments. Magnesium sulfate heptahydrate and cobalt (II) chloride hexahydrate for 

glucose isomerase cofactors were obtained from Fisher Scientific™ (Fair Lawn, NJ). 3-
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(N-morpholino)propanesulfonic acid (MOPS), sodium citrate, and sodium phosphate 

isomerization buffers were obtained from Sigma-Aldrich® (St. Louis, MO). 

6.2.2 Liquid Sample Analysis  

To measure concentrations of sugars and metabolites, 750 microliter samples were 

added to 1.5 mL microcentrifuge tubes (Spectrum Chemical Manufacturing Corporation, 

New Brunswick, NJ) to which 10 uL of 10 wt% sulfuric acid per mL of sample was added 

next.  These tubes were vortexed and then centrifuged at 15,000 RPM (Model Centrifuge 

5424, Eppendorf, Hauppauge, NY) for 12 minutes. The supernatant was analyzed by high 

performance liquid chromatography (HPLC) using a Waters Alliance e2695 HPLC system 

(Waters Co. Milford MA) equipped with a Bio-Rad Aminex HPX-87H column and a 

Waters 2414 refractive index detector. 5 mM sulfuric acid was the eluent at a flow rate of 

0.6 mL/min. Integration of chromatograms was performed by an Empower™ 2 software 

package.  

6.2.3 Preparation of Stock and Seed Cultures for Clostridium thermocellum Experiments 

The DSM 1313 wild-type strain of C. thermocellum used for all experiments was kindly 

provided by Dr. Lee Lynd at Dartmouth College, Hanover, NH. A Stock culture was grown 

in a 500 mL anaerobic media bottle (Chemglass Life Sciences, Vineland, NJ) and 

aseptically transferred to 5 mL serum vials for storage at -80°C. A 2% by volume inoculum 

of these stock cultures was used to prepare the seed cultures grown in a 5 g/L glucan 

loading of Avicel® PH-101 (Sigma Aldrich, St. Louis, MO) in a 50 mL working volume 

for 8-9 hours in media for thermophilic Clostridia (MTC) without trace minerals for every 

experiment that involved Clostridium thermocellum. The measured concentrations of 
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media components are reported in Table 6.1. The seed culture was stored overnight in a 

refrigerator before inoculation the next day. The different media solutions were prepared 

separately and purged with nitrogen. All solutions except the vitamin solution were 

sterilized by autoclaving, while the vitamin solution was sterilized by passing through a 

28-mm diameter polyethersulfone (PES) syringe filter with 0.2-µm pores (Corning® Life 

Science, Tewksbury, MA).  

6.2.4 Saccharification using Clostridium thermocellum 

Saccharification was in 125-mL flasks (Wheaton, Millville, NJ) at 20 g/L or 100 g/L 

glucan loadings in triplicates with a working mass of 50 g. Bottles containing Avicel were 

repeatedly purged by alternating applications of 45-s of vacuum and 14 psi nitrogen over 

a total of 27-30 minutes and then sterilized by autoclaving at 121°C for 35 minutes. After 

the injection of all media and 2% by volume inoculum from the seed flask, the bottles were 

incubated at 60°C at a stirring speed of 180 rpm in a Multitron Orbital Shaker (Infors HT, 

Laurel, MD). To determine the impact of temperature on cellulosome activity, the samples 

were incubated at 60°C for 24 hours before being moved to an incubator set at either 50°C 

or 65°C. 

Metabolite production was measured by sampling the CBP liquor via a syringe near an 

open flame at various time points. The liquor samples were passed through a 28-mm 

diameter polyethersulfone (PES) syringe filter with 0.2-µm pores (Corning® Life Science, 

Tewksbury, MA) and measured by HPLC, as described above. Cellulose conversion for 

each saccharification experiment was calculated by subtracting the weight of solids left 

after 3 washing steps from the mass of cellulose originally added. Washing was by 
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vortexing residual solids with at least 25 mL of fresh MiliQ water in 50 mL conical 

centrifuge tubes (Fisher Scientific, Hampton, NH) followed by centrifuging (Allegra X-

15R, Beckman Coulter, Fullerton, CA) at 900 G for 30 minutes at 21°C. The process was 

repeated three times before the solids were dried in an oven set at 40°C and weighed.  

6.2.5 Saccharification using Clostridium thermocellum Supplemented with Novozymes 

188  

Saccharification of 100 g/L glucan loadings was performed in 125-mL flasks 

(Wheaton, Millville, NJ) in triplicates with a working mass of 50 g. Bottles containing 

Avicel were repeatedly purged by alternating applications of 45-s of vacuum and 14 psi 

nitrogen over a total of 27-30 minutes and then sterilized by autoclaving at 121°C for 35 

minutes. After injection of all media and 2% by volume inoculum from the seed flask, the 

bottles were incubated at 60°C at a stirring speed of 180 rpm in a Multitron Orbital Shaker 

(Infors HT, Laurel, MD) for 24 hours before being moved to an incubator set at 50°C. 

At 96 hours, 72 wt% sulfuric acid was added to the samples via syringe near an open 

flame to lower the pH from 7 to 5. Next, Novozymes 188 protein (Novozymes, Franklinton, 

NC) diluted by ¼ with MiliQ water was added to the samples at an enzyme loading of 15 

mg enzyme/g glucan near an open flame using a syringe equipped with a polyethersulfone 

(PES) syringe filter with 0.2-µm pores (Corning® Life Science, Tewksbury, MA). 

Metabolite production was measured by sampling the CBP liquor via syringe near an open 

flame. These liquor samples were passed through a 28-mm diameter polyethersulfone 

(PES) syringe filter with 0.2-µm pores (Corning® Life Science, Tewksbury, MA) and 

measured by HPLC, as described above. 
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6.2.6 Saccharification using Metabolically Suppressed Clostridium thermocellum  

Saccharification was performed in 125-mL flask (Wheaton, Millville, NJ) at 10 g/L 

glucan loading in triplicates with a working mass of 50 g. Bottles containing Avicel and 

38.5 mM sodium azide were repeatedly purged as described above. After injection of all 

media and 2% by volume inoculum from the seed flask, the bottles were incubated at 60°C 

at a stirring speed of 180 rpm in a Multitron Orbital Shaker (Infors HT, Laurel, MD). 

Control bottles were prepared similarly with the exception that sodium azide was added. 

Metabolite production was measured by sampling the CBP liquor via syringe near an open 

flame. Samples of liquor were passed through a 28-mm diameter polyethersulfone (PES) 

syringe filter with 0.2-µm pores (Corning® Life Science, Tewksbury, MA) and measured 

by HPLC, as described above. 

6.2.7 Glucose Isomerization in the Presence of Different Buffers  

Glucose isomerization was in 125-mL Erlenmeyer flasks at 10 g/L glucose loadings 

with a working mass of 50 g.  All reactions used a 16 mg Immobilized Glucose Isomerase 

(IGI)/g glucose enzyme loading that contained 1.2 g/L MgSO4, and 0.02 g/L CoCl2 as 

cofactors. The flasks also contained 50 mM of MOPS, 50 mM of sodium citrate, or MTC 

media (5 g/L MOPS and components listed in Table 6.1), or were unbuffered as a control. 

The flasks were incubated at 60°C and stirred at 50 rpm in a Multitron Orbital Shaker 

(Infors HT, Laurel, MD) for 24 hours. Afterwards, samples were collected and analyzed 

by HPLC, as described above.  
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6.2.8 Glucose Isomerization with Borate 

Glucose isomerization was in 125-mL Erlenmeyer flasks at 10 g/L glucose loading. 

The flasks contained 500 mg IGI/g glucose enzyme and 5 mM MgSO4, with borate loaded 

at borate/glucose molar ratios of 0.1, 0.25, 0.4, 0.5, or 1.  The flasks were incubated at 60°C 

with a 50 rpm stirring speed in a Multitron Orbital Shaker (Infors HT, Laurel, MD) for 21 

hours. Afterwards, the samples were collected and analyzed by HPLC, as noted above.  

6.2.9 Material Balance Equations  

Material balances were based on gravimetric determination of the mass of each stream 

coupled with HPLC composition analysis.  The following equations were used to determine 

the yields of glucose and fructose during saccharification, isomerization, or SSI:  

𝑦𝐺𝑠
=

𝑐𝑜𝑛𝑐. 𝑜𝑓 𝑔𝑙𝑢𝑐𝑜𝑠𝑒 𝑖𝑛 𝑓𝑙𝑎𝑠𝑘(
𝑔

𝐿
)∗𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑜𝑟(𝐿)∗0.90

𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑠𝑜𝑙𝑖𝑑𝑠 𝑖𝑛 𝑓𝑙𝑎𝑠𝑘(𝑔)∗𝑔𝑙𝑢𝑐𝑎𝑛 𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑜𝑓 𝑠𝑜𝑙𝑖𝑑𝑠(%)
                                                     (1) 

𝑦𝐹𝑠
=

𝑐𝑜𝑛𝑐. 𝑜𝑓 𝑓𝑟𝑢𝑐𝑡𝑜𝑠𝑒 𝑖𝑛 𝑓𝑙𝑎𝑠𝑘(
𝑔

𝐿
)∗𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑜𝑟(𝐿)∗0.90

𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑠𝑜𝑙𝑖𝑑𝑠 𝑖𝑛 𝑓𝑙𝑎𝑠𝑘(𝑔)∗𝑔𝑙𝑢𝑐𝑎𝑛 𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑜𝑓 𝑠𝑜𝑙𝑖𝑑𝑠(%)
                                             (2) 

𝑦𝐹𝑙
=

𝑐𝑜𝑛𝑐. 𝑜𝑓 𝑓𝑟𝑢𝑐𝑡𝑜𝑠𝑒 𝑖𝑛 𝑓𝑙𝑎𝑠𝑘(
𝑔

𝐿
)

𝐼𝑛𝑖𝑡𝑎𝑙 𝑐𝑜𝑛𝑐𝑛𝑒𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑔𝑙𝑢𝑐𝑜𝑠𝑒 𝑖𝑛 𝑓𝑙𝑎𝑠𝑘 (
𝑔

𝐿
)
                                                                      (3) 

                               

𝑋𝐺𝑠
= 1 −

𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑠𝑜𝑙𝑖𝑑𝑠 𝑙𝑒𝑎𝑣𝑖𝑛𝑔 𝑟𝑒𝑎𝑐𝑡𝑜𝑟 (𝑔)∗𝑔𝑙𝑢𝑐𝑎𝑛 𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑜𝑓 𝑙𝑒𝑎𝑣𝑒𝑖𝑛𝑔 𝑠𝑜𝑙𝑖𝑑𝑠(%)

𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑠𝑜𝑙𝑖𝑑𝑠 𝑒𝑛𝑡𝑒𝑟𝑖𝑛𝑔 𝑟𝑒𝑎𝑐𝑡𝑜𝑟(𝑔)∗𝑔𝑙𝑢𝑐𝑎𝑛 𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑜𝑓 𝑙𝑒𝑎𝑣𝑛𝑖𝑔 𝑠𝑜𝑙𝑖𝑑𝑠(%)
              (4) 

 

for which 𝑦𝐺𝑠
, 𝑦𝐹𝑠

, 𝑦𝐹𝑙
,and 𝑋𝐺𝑠

 are glucose yields from glucan, fructose yields from glucan, 

fructose yields from glucose, and glucan conversion, respectively. All yields were 

calculated in terms of glucan when cellulose was the starting substrate. 
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Additionally, the amount of glucan consumed to produce the measured amounts of 

metabolites was calculated based on reaction stoichiometry to determine how much glucan 

was converted into each product according to the following equations:  

𝑦𝐶𝑠
=

𝑐𝑜𝑛𝑐. 𝑜𝑓 𝑐𝑒𝑙𝑙𝑜𝑏𝑖𝑜𝑠𝑒 𝑖𝑛 𝑓𝑙𝑎𝑠𝑘(
𝑔

𝐿
)∗𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑜𝑟(𝐿)∗(1.05)∗(.90)

𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑠𝑜𝑙𝑖𝑑𝑠 𝑖𝑛 𝑓𝑙𝑎𝑠𝑘(𝑔)∗𝑔𝑙𝑢𝑐𝑎𝑛 𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑜𝑓 𝑠𝑜𝑙𝑖𝑑𝑠(%)
                                            (5) 

 

𝑆𝐶𝑠
=

𝑐𝑜𝑛𝑐. 𝑜𝑓 𝑐𝑒𝑙𝑙𝑜𝑏𝑖𝑜𝑠𝑒 𝑖𝑛 𝑓𝑙𝑎𝑠𝑘(
𝑔

𝐿
)∗𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑜𝑟(𝐿)∗(1.05)∗(.90)

𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑔𝑙𝑢𝑐𝑎𝑛 𝑟𝑒𝑎𝑐𝑡𝑒𝑑
                                            (6) 

 

𝑦𝐸𝑠
=

𝑐𝑜𝑛𝑐. 𝑜𝑓 𝑒𝑡ℎ𝑎𝑛𝑜𝑙 𝑖𝑛 𝑓𝑙𝑎𝑠𝑘(
𝑔

𝐿
)∗𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑜𝑟(𝐿)∗(0.51)∗(.90)

𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑠𝑜𝑙𝑖𝑑𝑠 𝑖𝑛 𝑓𝑙𝑎𝑠𝑘(𝑔)∗𝑔𝑙𝑢𝑐𝑎𝑛 𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑜𝑓 𝑠𝑜𝑙𝑖𝑑𝑠(%)
                                               (7) 

 

𝑆𝐸𝑠
=

𝑐𝑜𝑛𝑐. 𝑜𝑓 𝑒𝑡ℎ𝑎𝑛𝑜𝑙 𝑖𝑛 𝑓𝑙𝑎𝑠𝑘(
𝑔

𝐿
)∗𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑜𝑟(𝐿)∗(0.51)∗(.90)

𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑔𝑙𝑢𝑐𝑎𝑛 𝑟𝑒𝑎𝑐𝑡𝑒𝑑
                                                (8) 

 

𝑦𝐿𝑠
=

𝑐𝑜𝑛𝑐. 𝑜𝑓 𝑙𝑎𝑐𝑡𝑖𝑐 𝑎𝑐𝑖𝑑 𝑖𝑛 𝑓𝑙𝑎𝑠𝑘(
𝑔

𝐿
)∗𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑜𝑟(𝐿)∗(.90)

𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑠𝑜𝑙𝑖𝑑𝑠 𝑖𝑛 𝑓𝑙𝑎𝑠𝑘(𝑔)∗𝑔𝑙𝑢𝑐𝑎𝑛 𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑜𝑓 𝑠𝑜𝑙𝑖𝑑𝑠(%)
                                             (9)  

 

𝑆𝐿𝑠
=

𝑐𝑜𝑛𝑐. 𝑜𝑓 𝑙𝑎𝑐𝑡𝑖𝑐 𝑎𝑐𝑖𝑑 𝑖𝑛 𝑓𝑙𝑎𝑠𝑘(
𝑔

𝐿
)∗𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑜𝑟(𝐿)∗(.90)

𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑔𝑙𝑢𝑐𝑎𝑛 𝑟𝑒𝑎𝑐𝑡𝑒𝑑
                                                        (10) 

 

𝑦𝐴𝑠
=

𝑐𝑜𝑛𝑐. 𝑜𝑓 𝑎𝑐𝑒𝑡𝑖𝑐 𝑎𝑐𝑖𝑑 𝑖𝑛 𝑓𝑙𝑎𝑠𝑘(
𝑔

𝐿
)∗𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑜𝑟(𝐿)∗(.90)

𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑠𝑜𝑙𝑖𝑑𝑠 𝑖𝑛 𝑓𝑙𝑎𝑠𝑘(𝑔)∗𝑔𝑙𝑢𝑐𝑎𝑛 𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑜𝑓 𝑠𝑜𝑙𝑖𝑑𝑠(%)
                                               (11) 

 

𝑆𝐴𝑠
=

𝑐𝑜𝑛𝑐. 𝑜𝑓 𝑎𝑐𝑒𝑡𝑖𝑐 𝑎𝑐𝑖𝑑 𝑖𝑛 𝑓𝑙𝑎𝑠𝑘(
𝑔

𝐿
)∗𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑜𝑟(𝐿)∗(.90)

𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑔𝑙𝑢𝑐𝑎𝑛 𝑟𝑒𝑎𝑐𝑡𝑒𝑑
                                                   (12) 
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In which 𝑦𝐶𝑠
, 𝑦𝐸𝑠

, 𝑦𝐿𝑠
, and 𝑦𝐴𝑠

are the yields of cellobiose, ethanol, lactic acid, and acetic 

acid, respectively, and 𝑆𝐶𝑠
, 𝑆𝐸𝑠

, 𝑆𝐿𝑠
, and 𝑆𝐴𝑠

 are selectivities for cellobiose, ethanol, lactic 

acid, and acetic acid, respectively.  

6.3 Results and Discussion  

6.3.1 Impact of Buffer on Glucose Isomerization 

Simultaneous saccharification and isomerization is an attractive combination of 

Clostridium thermocellum’s highly cellulolytic capacity with the robustness of 

immobilized glucose isomerase. Additionally, the two biocatalysts work at the same 

temperature and pH (60°C and pH 7). However, glucose isomerase can be negatively 

affected by the following buffers: especially sodium citrate;14 certain divalent salts 

including: Zn2+
, Hg2+, Cu2+, Ag+, and Ni2+; and Ca2+ to some extent. 13 The Table 6.1 

summary of all the compounds measured in the MTC media used to foster Clostridium 

thermocellum growth reveals that of these inhibitory components, only a low concentration 

of (0.2 g/L)Ca2+ is present.  

To validate the impact of different buffers and extra salts on glucose isomerase 

performance, 10 g/L glucose in solution with 16 mg Immobilized Glucose Isomerase/g 

glucose, 1.2 g/L MgSO4, and  0.02 g/L CoCl2 was reacted in the presence of 50 mM of 

MOP, 50 mM of sodium citrate, MTC media (which contains MOPS), or no buffer as a 

control at 60°C for 1 day. The respective pH values of each of these combinations were: 7, 

7, 6, and 5. As shown in Figure 6.1, the fructose yields from these experiments as a percent 

of the maximum theoretical fructose yields produced with MOPS were 74%, 24%, and 
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80% for MTC, sodium citrate, and no buffer, respectively. These results show Ca2+ had the 

greatest impact as isomerization yields with a drop to 26% compared to fructose production 

for MOPS. Although the pH of sodium citrate may explain the drastic drop in fructose 

yields, it cannot explain why it was outperformed by the control, indicating sodium citrate 

has additional inhibitory effects which has been noted elsewhere.14 The results from the 

experiments encouraged further experiments to combine Clostridium thermocellum and 

glucose isomerization.  

6.3.2 Borate Salts to Shift SSI Equilibrium  

The equilibrium for glucose isomerization to fructose limits fructose yields to about 

50% of theoretical.15  Therefore, to produce higher fructose concentrations at reasonable 

rates, many industrial processes stop the reaction at ~42% fructose yields before 

chromatographically enriching the fructose concentration.16 Alternatively, adding borate 

salts to the reaction has been considered for shifting the equilibrium to favor fructose in 

both alkali and enzymatic environments.17,18 Borate salts complex with fructose to mask 

fructose concentrations and allow the equilibrium to move to more fructose production 

according to Le Chatelier’s principle.17,18 Because pH and glucose concentration both 

affect the impact of borate addition,18 experiments were run to determine the relationship 

between borate concentrations and fructose production for a glucose concentration that 

would result if C. thermocellum completely solubilized 1 wt% cellulose in a 50 g working 

mass. Thus, 10 g/L glucose solutions were loaded into bottles along with 500 mg IGI/g 

glucose and a range of borate concentrations at pH 7 and allowed to react at 60°C for 21 

hours.  As reported in Figure 6.2, fructose yields increased in the order 55%, 71%, 72%, 
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71%, and 78% of theoretical for borate ratios of 0.1, 0.25, 0.4, 0.5, and 1, respectively. 

Although higher yields may be obtained at higher pH, as was shown by Takasaki,18 pH 7 

was chosen to be consistent with the pH needed for C. thermocellum to be most effective. 

Additionally, adding borate beyond a molar ratio of 1 has been shown to not substantially 

increase yields.18 Based on these results, a borate ratio of around 0.25 was chosen for SSI. 

The next step was to determine if Clostridium thermocellum would grow in an 

environment with borate. Seed flasks were prepared as described in Materials and Methods 

with the addition of a 0.3 molar ratio of borate along with controls to which no borate was 

added. After 8 hours, Clostridium thermocellum grew in the control flasks but not in the 

flasks with borate, thereby indicating borate is not compatible with C. therm for SSI.  

  6.3.3 SSI wtih Clostridium thermocellum and Glucose Isomerase 

Once it was determined that glucose isomerase was compatible with MTC media, SSI 

was attempted on a 5 g/L solution of Avicel as described in Materials and Methods. After 

24 hours, cellulose was completely solubilized, and fructose was measured in solution, as 

shown in Figure 6.3. Although fructose yields were only ~7%, the roughly same size of the 

glucose and fructose peaks indicated that isomerization had reached completion and 

glucose production was rate limiting. HPLC data showed production of a number of other 

products including C. thermocellum metabolites, cellobiose, and larger cellodextrins.  

Thus, a considerable amount of Avicel glucan was converted to large chain polysaccharides 

or consumed for C. thermocellum growth. Thus, it appeared that higher fructose yields 

might be realized if glucose yields could be increased.  
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6.3.4 The Effect of β-Glucosidase Supplementation on Clostridium thermocellum 

Glucose Yields  

The literature suggests more glucose is produced by C. thermocellum at high solids 

loadings (>100 g/L).19 Additionally, from preliminary SSI experiments, it was apparent 

that substantial amounts of cellobiose and cellodextrins accumulated in solution. 

Therefore, these results suggested that adding β-glucosidase to Clostridium thermocellum 

at high glucan loadings could generate more glucose.  However, the optimum operating 

pH and temperature for commercially available β-glucosidase (Novozymes 188) is around 

5 and 50°C, respectively.  Therefore, before combining C. thermocellum with β-

glucosidase, it was important to determine whether C. thermocellum would be effective at 

the same temperature as β-glucosidase.  

 C. thermocellum in its early lag phase was added to 200 mL pressure bottles that 

contained 100 g/L Avicel and MTC media according to the procedure in the Materials and 

Methods and allowed to grow at 60°C for 24 hours before moving to an incubator set at 

50°C. Samples were taken periodically from that point on.  The results shown in Figure 6.4 

reveal that C. thermocellum stopped metabolizing cellulose 3 hours after the temperature 

change, as apparent by the stop in production of the metabolites acetate, ethanol, and lactic 

acid. More interesting, however, was the accumulation of glucose and cellobiose. Although 

C. thermocellum stopped producing products, the cellulosome appeared to still hydrolyze 

glucan to cellobiose and glucose. Therefore, it can be concluded that the cellulosome was 

active at 50°C, independently of C. thermocellum metabolism, and although the literature 
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suggests Novozymes 188 should be active at higher temperatures (~60°C),20 these results 

suggest that C. thermocellum could be compatible with Novozymes 188 at 50°C.   

The next step was to determine if cellulosomes worked at pH 5. Bottles were prepared 

in the same way as the previous experiment and C. therm was grown at 60°C for 24 hours 

and then placed in a 50°C incubator. The bottles were left in the incubator for 96 hours, at 

which point sulfuric acid was added to bring the pH down to 5 before adding 15 mg 

enzyme/g glucan of Novozymes 188. The bottles were then returned to a 50°C incubator, 

and periodic samples were taken.  As shown in Figure 6.5, the glucose concentration at 

time point zero corresponds to the data at 96 hours in Figure 6.4, indicating consistent 

glucose production rates by the cellulosomes at 50°C. The lack of cellobiose in solution by 

5 hours was due to its rapid conversion to glucose that in turn increased to 10 g/L.  

However, the fact that no additional glucose was produced beyond that value indicated the 

cellulosomes had stopped producing cellobiose at pH 5. This result is consistent with 

literature reports that increasing pH to 6 or 7 should drastically reduce enzyme activity.  

Thus, the effect of higher pH values was not tested.20  

6.3.5 Suppressing Clostridium thermocellum Metabolism to Increase Glucose Yields  

Although the addition of Novozymes 188 increased glucose production, the low glucan 

yields (~10%) could not justify supplementation with expensive fungal enzymes. 

Therefore, research moved to determining if changing reaction conditions could increase 

glucose production by C. thermocellum without supplementation with costly enzymes. Our 

shake flask experiments showed that fermentations done at 20 g/L Avicel loading can 

achieve 42% glucan yields21 and the literature also suggests that the highest cellulolytic 
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cellulosome activity of C. thermocellum broth is at 70°C.22 The results in Figure 6.5 suggest 

the cellulosomes can work independent of C. thermocellum at 50°C, albeit at a very slow 

rate. With the goal to increase the saccharification rate at a higher temperature than optimal 

for C. thermocellum growth, C. thermocellum was grown in shake flasks containing 20 g/L 

Avicel at 60°C for 24 hours, at which point the temperature was increased to 65°C. After 

7 days, the reactions were terminated by opening the flasks and introducing the anerobic 

bacteria to oxygen, and the cellulose conversion, metabolite production, and glucose 

accumulation were measured as described in the materials and methods.  The drop in 

glucan conversion from 75% at 60°C to 62% at 65°C shown in Table 6.2 indicates that the 

higher temperature had a negative impact on cellulose solubilization. The glucan yields at 

60°C and 65°C were 32% and 30%, respectively, with selectivity for glucose at 44% and 

49%, respectively. The yields for cellobiose were 9% and 5%, respectively, with 

corresponding selectivity of 13% and 9%. These results indicate that a temperature change 

of 5°C noticeably funneled more glucan to glucose, however, low conversion resulted in 

little change in glucose yields. Additionally, running the reaction at 60°C instead of 65°C 

has greater potential to release more glucose from the large amount of cellobiose. 

Metabolite production was about the same for both cases, and the change in temperature 

had a negligible effect on glucose production. 

Adding sodium azide was explored next as an alternative route to increase glucose 

yields from C. thermocellum cellulosomes by suppressing glucose metabolism.23 Figure 

6.6 presents glucose accumulation results from a 1 wt% solids loading with a working mass 

of 50 grams after 24 hours of growth at 60°C for experiments with and without 38.5 mM 
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of sodium azide addition. Glucan yields were 7.7%, 8.3%, 14.6%, 16.8%, 18.8% at 2.8, 

6.3, 26.3, 47.6, and 75 hours, respectively. Surprisingly, the control produced higher glucan 

yields of 7.7%, 9.3%, 17.4%, 21.5%, and 25.2%, respectively.  The lower yields with the 

addition of sodium azide may be attributable to suppression of natural enzyme-microbe 

synergy by inactivation of the microbe’s metabolism.23  

Overall, glucan yields were highest (~25%) at a high solids loading of 20 g/L without 

supplemental enzymes or azide. The mechanism that results in higher glucose 

accumulation at high amounts of glucan is not understood, and further research could 

generate valuable insights into strategies for producing a highly active biocatalyst for 

cellulose degradation.  

6.4 Conclusions 

 For the first time, simultaneous saccharification and isomerization (SSI) was 

performed on Avicel using wild type DSM 1313 Clostridium thermocellum and 

immobilized glucose isomerase. Because initial fructose yields were limited to about 7% 

due to low glucose availability by C. thermocellum, the effects of solids loading, metabolic 

suppressants, CBP temperature, and supplemental β-glucosidase on Avicel conversion to 

glucose by C. thermocellum were evaluated. A 20 g/L Avicel loading resulted in the highest 

glucose yield in solution of 32% in the absence of metabolic suppressants or supplemental 

β-glucosidase. Additionally, the cellulosome from C. thermocellum was able to saccharify 

cellulose at temperatures not suitable for its growth, essentially allowing utilization of the 

cellulosomes without exhaustive cellulosome extraction. Although these results were 

realized at 50°C and 65°C proved to be too close to the C. thermocellum growth optimum, 
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operation at higher temperatures such as 70°C where the organism would not grow well 

but the cellulosome would be still active would likely be viable. Furthermore, temperature 

manipulation to maximize saccharification would be preferable to adding costly 

supplements.  Overall, the developments reported here can serve as a road map to the 

development of cellulolytic thermophilic enzymes with the potential to outperform 

traditional fungal enzymes.  
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6.8 Figures and Tables 

 

Table 6.1. Media for Thermophilic Clostridia (MTC) for C. thermocellum CBP 
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Figure 6.1. Relative 24 hour fructose production by glucose isomerize at 60°C from 10 

g/L glucose in solution with 16 mg IGI/g glucose, 1.2 g/L MgSO4, and 0.02 g/L CoCl2, 

along with 3-(N-morpholino)propanesulfonic acid (MOPS), Media for Thermal Clostridia 

(MTC), sodium citrate, or no buffer.  
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Figure 6.2. HPLC Data from simultaneous saccharification and isomerization (SSI) after 

21 hours on Avicel at 60°C pH 7 for 24 hours.  
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Figure 6.3. Fructose yields from isomerization of 10 g/L glucose in solution with 500 mg 

IGI/g glucose, 5mM phosphate buffer, and 5 mM MgSO4 at 60°C and pH 7 for 21 hours.  
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Figure 6.4. Metabolites, glucose, and cellobiose produced by C. thermocellum from a 100 

g/L glucan loading incubated at pH 7 and 50°C for the first 24 hours and at 60°C after that. 
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Figure 6.5. Metabolites, glucose, and cellobiose produced by C. thermocellum from a 100 

g/L glucan loading supplemented with 15 mg Novozymes 188 /g glucan at 50°C and pH 5 

for the first 24 hours and at 60°C and pH 7 thereafter. 
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Figure 6.6. Glucan yields realized by C. thermocellum at a 10 g/L glucan loading with 

38.5 mM sodium azide (dotted lines) and without (control solid line) incubated at 60°C and 

pH 7. 
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Chapter 7: Enzymatic Saccharification of Cellulose Followed by Glucose 

Isomerization to Fructose 
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7.0 Abstract  

Simultaneous saccharification and isomerization (SSI) was performed on corn 

stover using Accellerase® 1500 and immobilized glucose isomerase. First, Accellerase® 

1500 was applied for enzymatic hydrolysis of Avicel® in the presence of different buffers 

to determine their impact on sugar yields. Then SSI was run on Avicel® at pH 5.5 and 6 

and 50°C and 60°C to determine if cellulases can realize high yields of glucose from 

cellulose at conditions preferred for glucose isomerase. The results from the experiments 

determined SSI works at 50°C and pH 5.5 using an acetate buffer. These conditions were 

applied to CELF pretreated corn stover at 1 wt% glucan loadings and 5 mg cellulases/g 

glucan. The yields of glucose and fructose were 68%, and 26%, respectively by day 6 of 

SSI.  Overall, the developments in this paper demonstrate SSI on pretreated biomass where 

glucose and fructose yields were achieved at low enzyme loadings. 

7.1 Introduction  

Lignocellulosic biomass provides an inexpensive renewable resource for production of 

liquid transportation fuels or commodity chemicals that can significantly reduce 

environmental impacts compared to fossil sources while enhancing economic and national 

energy security.1–3 Six key operations can be applied for the production of fuels from 

lignocellulosic biomass: biomass size reduction, chemical treatment, enzymatic 

saccharification to sugars, dehydration of these sugars to aldehydes, their catalytic 

conversion to products, and product recovery and purification. The third step, 

saccharification, converts biopolymers left after chemical treatment into monomeric sugars 

by an assortment of enzymes.4 Additionally, the saccharification step needs to produce a 
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stream that is compatible with the catalyst used in the next step, in this case, to produce 5-

HMF is a valuable platform chemical to feed production  of fuels, chemicals, materials, 

and pharmaceuticals.5 Although glucose can be catalytically converted to 5-HMF, higher 

yields are realized from fructose6,7 that can be made from glucose via basic,8–14 acidic,15–19 

or enzymatic20–25 catalysts. Of these, the enzyme glucose isomerase can achieve the highest 

fructose selectivity and yields.26 However, other than a few notable exceptions that 

isomerize glucose derived from cellulose27–29 or cellobiose,30 most glucose isomerization 

literature reports results from conversion of pure sugar solutions such as from corn or sugar 

cane. Although use of these pure sugar streams can be economical for production of high 

value sweeteners, the low cost of cellulosic biomass is much more in line with conversion 

into fuels provided high yields can be realized and processing costs can be driven low 

enough. Based on the current state of technology for biologically converting cellulosic 

biomass to ethanol and other products, particular attention must be focused on minimizing 

enzyme use. Thus, here we report on results from integration of enzymatic hydrolysis of 

corn stover to glucose with enzymatic isomerization of the glucose released to fructose that 

can be converted to 5-HMF with higher yields than can glucose.  This novel strategy we 

term as simultaneous saccharification and isomerization or SSI.  Furthermore, the SSI 

approach is applied to highly digestible glucan rich solids produced by the novel 

pretreatment cosolvent enhanced lignocelluose fractionation or CELF to corn stover to 

capitalize on the susceptibility of solids produced by CELF to reach high glucose yields 

with more economical enzyme loadings.   
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7.2 Materials and Methods 

7.2.1 Materials  

 Corn stover, milled through a ¾ inch screen, was obtained from the National 

Renewable Energy Laboratory, Golden, Colorado. The biomass was mixed and divided 

before transferring into multiple gallon sized bags that were stored in a -4°C freezer. The 

entire contents of each bag was knife milled through a 1 mm sieve by a Thomas Wiley® 

mill (Model 4, Thomas Scientific, Swedesboro, NJ). The resulting milled biomass was 

mixed thoroughly before each use.  Analytical grade glucose and fructose (99.5%, 

Spectrum®, Compton, CA) was used as HPLC sugar standards. Sulfuric acid (72 wt%) 

was obtained  from Ricca Chemical Company (Arlington, TX). Tetrahydrofuran (THF), 

used during pretreatment and solids washing, was obtained from Fisher Scientific, 

Pittsburg, PA. Commercially available Avicel® PH-101 (Sigma-Aldrich®, St. Louis, MO) 

was used as is for saccharification. The purity of Avicel® was assumed to be 100% glucan 

for calculations and will be referred to as glucan throughout the paper. Immobilized 

glucose isomerase (IGI) from Streptomyces murinus (Novozymes, Franklinton, NC) with 

a manufacturer’s measured activity of 350 U/g was used for isomerization experiments. 

Magnesium sulfate heptahydrate, the cofactor for glucose isomerase, was obtained from 

Fisher Scientific™ (Fair Lawn, NJ). Picolinic acid, acetic acid, citric acid, and phosphoric 

acid obtained from Fisher Scientific™ (Fair Lawn, NJ) were used for preparing the buffers 

for saccharification. Buffer pH was increased by addition of sodium hydroxide obtained 

from Sigma-Aldrich® (St. Louis, MO). 
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7.2.2 Pretreatments 

Pretreatments were performed in a 1-L Hastelloy C reactor (Parr instruments, Moline, 

IL) fitted with a 3.5 inch diameter helical impeller on a two-piece shaft. The impeller was 

driven by a variable speed DC motor assembly (A175HC, Parr Instruments, Moline, IL). 

Temperature was monitored with a K-type thermocouple (421501 Extech Instruments, 

Waltham, MA) and a 1/8-inch stainless steel thermocouple probe (Omega Engineering Co., 

Stamford, CT) inserted through a vessel port and shaped to prevent interference with the 

rotating impeller. The reactor was heated from ~30°C to the desired temperature in less 

than 3 minutes in all cases by lowering it with a chain fall into a 4-kW fluidized sand bath 

(Model SBL-2D, techne, Princeton, NJ). The pretreatment temperature was maintained 

within 2°C. At the completion of a target pretreatment time, the reactor was moved to a 

room temperature water bath to cool its contents to 40°C in about 5 minutes. The contents 

of the reactor were vacuum filtered at room temperature through glass fiber (Fisher 

Scientific, Fair Lawn, NJ) in a Büchner funnel. The density of the CELF pretreatment 

liquor was determined by weighing 25 mL of liquor in a volumetric flask, and a sample of 

the pretreatment liquor was taken for post hydrolysis to determine oligomer content. The 

solids were washed with 1 liter of room temperature THF and then rinsed with de-ionized 

water to remove any soluble sugars, degradation products, acid, and solvent. The solids 

were then left to dry in the funnel until no further liquid dripped out. The solids were then 

tared in a Ziploc bag, and the moisture of the pretreated solids was measured using a 

Halogen moisture analyzer (Model: HB43-S Mettler Toledo, Columbus, OH.) A sample of 

the solids was then taken for compositional analysis.  
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CELF pretreatments were performed at a 1:1 THF:water (w/w) ratio with 0.5 wt% 

sulfuric acid added based on the total THF:water liquid mass at 150°C for 20 and 30 

minutes based on previous optimization results that proven these reaction conditions to 

generate highly reactive solids for enzymatic hydrolysis while minimizing sugar 

degradation during pretreatment. 40 g of corn stover on a dry basis was used in a 800 g 

total reaction mass for each pretreatment to give a 5 wt% solids loading.  Before 

pretreatment, biomass was soaked overnight to allow full penetration of the other 

ingredients and at 4°C to minimize solvent evaporation.  

7.2.3 Compositional Analysis of Solids 

Prior to analysis, pretreated and unpretreated solids were dried to a constant moisture 

content in a 40°C incubator oven. The compositions of the pretreated and unpretreated 

solids were determined in triplicate according to the standard NREL Laboratory Analytical 

Procedure “Determination of Structural Carbohydrates and Lignin in Lignocellulosic 

Biomass.”32  Xylan, Klason-lignin, and ash were also measured according to this 

procedure, with K-lignin accounting for the ash free acid-insoluble lignin in the biomass. 

Sugar concentrations in the liquid fraction were measured using a Waters Alliance e2695 

HPLC system (Waters Co. Milford MA) equipped with a Bio-Rad Aminex (Hercules, CA) 

HPX-87H column  and a Waters 2414 refractive index detector. 5 mM sulfuric acid was 

the eluent at a flow of 0.6 mL/min. Integration of chromatograms was by the Empower™ 

2 software package. 
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7.2.4 Liquid Sample Analysis  

Concentrations of sugars were measured by taking 750 microliters samples that were 

placed in a 1.5 mL microcentrifuge tube (Spectrum Chemical Manufacturing Corporation, 

New Brunswick, NJ). 10 uL of 10 wt% sulfuric acid per mL of sample was added to each 

tube, and the tube was vortexed, and then centrifuged at 15,000 RPM (Model Centrifuge 

5424, Eppendorf, Hauppauge, NY) for 12 minutes. The supernatant was analyzed by high 

performance liquid chromatography (HPLC) using a Waters Alliance e2695 HPLC system 

(Waters Co. Milford MA) equipped with a Bio-Rad Aminex HPX-87H column and a 

Waters 2414 refractive index detector. 5 mM sulfuric acid was the eluent at a flow of 0.6 

mL/min. Integration of chromatograms was done by the Empower™ 2 software package.  

7.2.5 Enzymatic Saccharification 

Pretreated corn stover solids were enzymatically hydrolyzed at a 1 wt% glucan loading 

in 125-mL Erlenmeyer flasks following the NREL Laboratory Analytical Procedure 

“Enzymatic Saccharification of Lignocellulosic Biomass.”33 Accellerase 1500 cellulase 

(Dupont Industrial Biosciences, Palo Alto, CA) was used at 5 mg enzyme/g glucan protein 

loadings for all experiments. The BCA protein content of Accellerase 1500 was determined 

to be 82 mg/mL.  Additionally, 0.05 M of acetate, picolinic, succinic, or citrate buffer were 

used for the buffer experiments to maintain pH, and acetate was used for all subsequent 

buffered reactions. The flasks were incubated at 50°C and 150 rpm in a Multitron Orbital 

Shaker (Infors HT, Laurel, MD). 750 microliters samples including the insoluble substrate 

and liquor were collected from each flask in 1.5 mL microcentrifuge tubes (Spectrum 

Chemical Manufacturing Corporation, New Brunswick, NJ). These tubes were centrifuged 
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at 15,000 RPM (Model Centrifuge 5424, Eppendorf, Hauppauge, NY) for 12 minutes, and 

the supernatant was analyzed by HPLC as noted above. Enzyme was loaded in terms of 

mg protein/g glucan in the raw biomass, with calculation to determine enzyme loadings as 

follows: 

Enzyme Loading = 

𝑐𝑜𝑛𝑐. 𝑝𝑟𝑜𝑡𝑖𝑒𝑛 𝑖𝑛 𝐴𝑐𝑐𝑒𝑙𝑙𝑒𝑟𝑎𝑠𝑒 1500(
𝑚𝑔

𝐿
)∗𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑝𝑟𝑜𝑡𝑖𝑒𝑛 𝑑𝑖𝑠𝑝𝑒𝑛𝑠𝑒𝑑 𝑖𝑛𝑡𝑜 𝑒𝑛𝑧𝑦𝑚𝑎𝑡𝑖𝑐 ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑠𝑖𝑠 𝑓𝑙𝑎𝑠𝑘

𝑃𝑟𝑒𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 𝑖𝑛𝑡𝑜 𝑒𝑛𝑧𝑦𝑚𝑎𝑡𝑖𝑐 ℎ𝑦𝑑𝑟𝑜𝑙𝑦𝑠𝑖𝑠 𝑓𝑙𝑎𝑠𝑘(𝑔)∗𝑔𝑙𝑢𝑐𝑎𝑛 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 𝑖𝑛 𝑟𝑎𝑤 𝑏𝑖𝑜𝑚𝑎𝑠𝑠(%)
             

(1) 

 

7.2.6 Simultaneous Saccharification and Isomerization 

Simultaneous Saccharification and Isomerization was performed on Avicel® or 

pretreated corn stover solids in 125-mL flasks (Wheaton, Millville, NJ) at 1 wt% glucan 

loadings with a working mass of 50 g. The solutions contained 0.05 M of MgSO4, 0.05 M 

acetate buffer, and an enzyme loading of 500 mg IGI protein/g glucan and 5 mg Accellerase 

1500 protein/g glucan. The bottles were incubated at 50 or 60°C at a stirring speed of 180 

rpm in a Multitron Orbital Shaker (Infors HT, Laurel, MD). 750 microliters samples 

including the insoluble substrate and liquor were collected from each flask in 1.5 mL 

microcentrifuge tubes (Spectrum Chemical Manufacturing Corporation, New Brunswick, 

NJ) that were then centrifuged at 15,000 RPM (Model Centrifuge 5424, Eppendorf, 

Hauppauge, NY) for 12 minutes. The supernatant was analyzed by HPLC as noted above. 

7.2.7 Material Balance Equations  

Material balances were based on combining compositions as determined by HPLC 

analysis with mass collected. The following equations were used to calculate yields of 

glucose and fructose resulting from saccharification or SSI.  



202 
 

𝑦𝐺𝑠
=

𝑐𝑜𝑛𝑐. 𝑜𝑓 𝑔𝑙𝑢𝑐𝑜𝑠𝑒 𝑖𝑛 𝑓𝑙𝑎𝑠𝑘(
𝑔

𝐿
)∗𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑜𝑟(𝐿)∗0.90

𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑠𝑜𝑙𝑖𝑑𝑠 𝑖𝑛 𝑓𝑙𝑎𝑠𝑘(𝑔)∗𝑔𝑙𝑢𝑐𝑎𝑛 𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑜𝑓 𝑠𝑜𝑙𝑖𝑑𝑠(%)
                                  

(1) 

𝑦𝐹𝑠
=

𝑐𝑜𝑛𝑐. 𝑜𝑓 𝑓𝑟𝑢𝑐𝑡𝑜𝑠𝑒 𝑖𝑛 𝑓𝑙𝑎𝑠𝑘(
𝑔

𝐿
)∗𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑜𝑟(𝐿)∗0.90

𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑠𝑜𝑙𝑖𝑑𝑠 𝑖𝑛 𝑓𝑙𝑎𝑠𝑘(𝑔)∗𝑔𝑙𝑢𝑐𝑎𝑛 𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑜𝑓 𝑠𝑜𝑙𝑖𝑑𝑠(%)
                           

(2) 

 

in which 𝑦𝐺𝑠
 and 𝑦𝐹𝑠

 are the yields of glucose from glucan and the yields of fructose from 

glucan, respectively. 

7.3 Results and Discussion  

7.3.1 Impact of Buffer on Enzymatic Saccharification 

Simultaneous saccharification and isomerization of CELF pretreated solids would 

provide an attractive combination of robust immobilized glucose isomerase with the low 

cellulase loadings required for saccharification of CELF solids.31 However, because the 

citrate buffer  used for enzymatic hydrolysis would negatively impact glucose isomerase,29 

the first step towards combining saccharification with isomerization was determining if an 

alternative biological buffer can be used.  Because enzymatic hydrolysis performs best at 

pH 5, an appropriate buffer would be one with a pKa ~5.34 3 buffers were selected: acetate, 

picolinic, and succinic with pKa values of 4.8, 5.8, and 5.6, respectively.  Enzymatic 

hydrolysis was then applied to solids resulting from CELF pretreatment of corn stover at 

150°C for 25 minutes with a THF:water ratio of 1:1 by weight and 0.5 wt% sulfuric acid 

loading based on the total liquid. The resulting solids were then enzymatically hydrolyzed 

at 50°C and pH 5 for 14 days with an enzyme loading of 5 mg enzyme/g glucan. As shown 

in Figure 1, the overall glucan yields were roughly the same for citric acid, succinic acid, 

picolinic acid, and acetic acid buffers: 80%, 81%, 83%, and 86%, respectively. These 
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results showed that all 4 biological buffers are compatible for saccharification, with acetic 

acid chosen based on the  slightly higher yields obtained during the screening process. 

7.3.2 Impact of Temperature and pH on Simultaneous Saccharification and Isomerization 

The optimum operating temperature and pH for glucose isomerase (GI) are 60°C and 

7, respectively,24 while the corresponding optimum conditions for Accellerase 1500 are 

50°C to 70°C and 4 to 5, respectively.35 To determine if Accellerase 1500 is stable at the 

higher pH preferred by GI, SSI was applied to Avicel® at 50°C and pH 5.5 and 6 at an 

enzyme loading of 15 mg Accellerase 1500 enzyme protein/g glucan for 14 days. As shown 

by the glucose yields as a function of enzymatic hydrolysis time in Figure 2, 70% glucose 

yields were obtained at pH 5.5 by day 7 while yields stalled at 15% from day 1 on at pH 

6.0, clearly demonstrating the instability the enzyme experiences at elevated pH. Based on 

these results, a pH of 5.5 was selected for future experiments. 

Nest, to determine if Accellerase 1500 is stable at the higher temperatures preferred by 

GI, SSI was applied to Avicel® at 50°C and pH 5.5 at an enzyme loading of 15 mg of 

Accellerase 1500 protein/g glucan combined with 500 mg of glucose isomerase protein/g 

glucan. Figure 3 presents glucose and fructose yields from SSI as a function of reaction 

time. Additionally, the sum of glucose and fructose yields are plotted as “total sugars” to 

give an idea of cellulose conversion by enzymatic hydrolysis. After 4 days, the total amount 

of sugars produced by SSI plateaued at 60°C, whereas sugar continued to be produced at 

50°C until day 7. Because the low total sugar yield from 60°C SSI are due to low cellulose 

conversion, 50°C was chosen for future SSI experiments.  
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7.3.3 Simultaneous Saccharification and Isomerization on CELF Pretreated Corn Stover 

Based on prior optimization of CELF pretreatment of corn stover,31 a 5 wt% dry solids 

loading of this substrate in a 800 g working volume was pretreated at 150°C for 20 and 30 

minutes with a 1:1 THF:water ratio and a 0.5 wt% sulfuric acid loading based on the liquid. 

After completion of reactions, the solids were washed as described in the materials and 

methods section before loading the washed solids into flasks at a 1 wt% solids loading and 

a working volume of 50 g that also contained 0.5 M acetate buffer, 20 mg/mL sodium 

azide, and 0.05 M of MgSO4. The reaction flasks were loaded with 5 mg of Accellerase 

1500 protein/g glucan and 500 mg of  IGI protein/g glucan. Figure 4a presents the glucose 

and fructose yields and the sum of the two to give an idea of how much cellulose was 

converted towards soluble sugar as a function of SSI reaction time. The figure also includes 

glucose yields as a function of time for just enzymatic hydrolysis of the same batch of 

CELF pretreated corn stover by 5 mg of Accellerase 1500 protein/g glucan. As shown by 

these plots, the initial glucose production rate from CELF pretreated biomass by  SSI was 

similar to that by enzymatic hydrolysis alone but then dropped off drastically after the first 

day, indicating the cellulases may have encountered possible lignin inhibition. The final 14 

day total glucose yields of 87% and 67% by just enzymatic hydrolysis and SSI, 

respectively, clearly indicate that enzymatic hydrolysis alone outperformed SSI in terms of 

glucose released from CELF pretreated biomass. Corn stover was pretreated for 30 minutes 

with all other conditions and the solids preparation method kept the same as before to 

determine the effect of CELF pretreatment time on SSI performance. As now presented in 

Figure 4b, the total glucose plus fructose yield over SSI fermentation time now tracked 

very closely glucose release by enzymatic hydrolysis alone, with both reaching 94% after 
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6 days, indicating no additional inhibition of saccharification during SSI. However, 

fructose yields were only about 26% by day 6, well below reaching the equilibrium limit 

of about 35% from the amount of glucose available. The continual increase in fructose 

yields at longer times where glucose accumulation had leveled off indicated that glucose 

conversion to fructose had caught up with glucose release from the solids and that fructose 

concentrations would likely move closer to the equilibrium limit for longer fermentation 

times. However, such long times would not be economically viable. Nonetheless,  Figure 

4b shows that cellulase and isomerase were not inhibited by buffers, salts, or other 

ingredients and could potentially be carried out in a single vessel.  A key would be to 

develop a reaction system  to quickly reach the glucose fructose equilibrium limit36,37 so 

the glucose-fructose mixture would be more amenable to chromatographic enrichment, as 

applied industrially to increase fructose concentrations.26 

7.4 Conclusions 

For the first time, simultaneous saccharification and isomerization (SSI) was 

performed on CELF pretreated biomass, in this case, corn stover, using Accellerase 1500 

cellulase and glucose isomerase.  The highly digestible glucan in the solids produced by 

CELF pretreatment resulted in SSI realizing 95% cellulose conversion at 50°C and pH 5.5 

with application of only 5mg protein/g glucan, a much lower cellulase loading than 

typically needed to realize such yields.  However, because fructose yields reached only 

26% by day 6 of SSI, the process would need to be paired with chromatographic enrichment 

to achieve higher fructose yields as typically employed for industrial production of high 

fructose corn syrup, and developing routes to increase fructose yields from SSI would be 
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very desirable to improve process integration. Overall, these results introduce a novel 

approach for fructose production from lignocellulose that can feed subsequent production 

of 5-HMF. 
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7.8 Figures and Tables  

 

 

Figure 7.1. The effect of 0.5 M concentrations of biological buffers on glucose yields 

during enzymatic hydrolysis of a 1 wt% glucan loading of CELF pretreated corn stover 

solids with 5 mg enzyme protein/g glucan at pH 5.     
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Figure 7.2. Effect of pH on glucose yields during 50°C enzymatic hydrolysis of a 1 wt% 

glucan loading of Avicel® with 15 mg Accellerase protein/g glucan. 

.  
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Figure 7.3. Effect of temperature on glucose and fructose yields from simultaneous 

saccharification and isomerization of 1 wt% glucan loadings of Avicel® at pH 5 with 15 

mg of Accellerase 1500 protein/g glucan and 500 mg IGI/g glucan enzyme loading. 
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Figure 7.4a. Glucose and fructose yields during simultaneous saccharification and 

isomerization (SSI) with 5 mg Accellerase 1500 protein/g glucan and 500 mg IGI protein/g 

glucan at 50°C and pH 5.5 of a 1 wt% glucan loading of solids produced by CELF 

pretreatment of corn stover at 150°C for 20 minutes. Yields are also shown for enzymatic 

hydrolysis (EH) of the same solids with just with 5 mg Accellerase 1500 protein/g glucan 

and all other conditions the same as applied for SSI. 
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Figure 7.4b. Glucose and fructose yields during simultaneous saccharification and 

isomerization (SSI) with 5 mg Accellerase 1500 protein/g glucan and 500 mg IGI protein/g 

glucan at 50°C and pH 5.5 of a 1 wt% glucan loading of solids produced by CELF 

pretreatment of corn stover at 150°C for 30 minutes. Yields are also shown for enzymatic 

hydrolysis (EH) of the same solids with just with 5 mg Accellerase 1500 protein/g glucan 

and all other conditions the same as applied for SSI. 
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Chapter 8: Summary and General Conclusions 
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8.1 Summary 

While significant research has been devoted towards the production of secondary 

fuel precursors (SFP) from pure sugars, less attention has been given to SFP production 

from lignocellulosic feedstocks. Specifically, this dissertation focuses on efficient 

pretreatment and subsequent hydrolysis using fungal enzymes or Clostridium 

thermocellum on corn stover and poplar followed by glucose isomerization to produce 

fructose, a precursor to platform chemical 5-hydroxymethylfurfural. Through the 

development of this novel process, additional insight was obtained on Co-solvent 

Enhanced Lignocellulosic Fractionation (CELF) and subsequent saccharification using 

Clostridium thermocellum as a biocatalyst. The findings from this dissertation not only 

provides a novel new process to produce fructose from lignocellulose, it also provides 

unique perspectives on understanding factors that contribute to efficient fractionation from 

CELF and subsequent enzymatic hydrolysis and consolidated bioprocessing (CBP).  

8.2 Key Developments of this Dissertation 

The overall goals of this research were to better understand how CELF influences 

the results from enzymatic hydrolysis and CBP and defining process configuration to 

maximize fructose production from lignocellulose for subsequent SFP production. 

Fructose production from lignocellulose was achieved at 60% theoretical yields using low 

fungal enzyme loading of 5 mg cellulases/g glucan, lower than any recorded amount in 

literature. Low enzyme loading can be attributed to efficient corn stover fractionation 

during the CELF process.  
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The benefit of using CELF, ensured high amount of biomass fractionation while 

minimizing degradation of the sugars in the liquids. To better understand what factors 

contribute to efficient fractionation and xylose degradation during CELF, chapter 3 looked 

at applying novel kinetic models to describe lignin and xylan solubilization and xylan 

degradation for CELF pretreatment of corn stover. Lignin and xylan solubilization data 

were best represented by two fractions for each: bulk and residual lignin and fast and slow 

solubilizing xylan. From these results, xylan degradation was also modeled. The results 

showed bulk and residual lignin and fast xylan solubilization increased slowly in 

temperatures at which THF and water form two phases, but then increased dramatically 

(more so than predicted by the Arrhenius equation) when the temperature reached the point 

at which THF and water are expected to be fully miscible. Thus, the miscible regime 

appears to significantly enhance lignin solubilization. Furthermore, the tracking of lignin 

removal with xylan removal suggests bonding between these two biomass components in 

corn stover and results in their mutual dissolution. Lastly, increased xylan degradation in 

the THF:water miscible regime is consistent with the ability of CELF to enhance furfural 

production, although dropping the time for CELF pretreatment in the miscible regime 

would lower xylan losses and enhance yields of xylan in solution. The results from the 

studies not only provided insights on efficient fractionation and xylose degradation but also 

provided structural insights into hemicellulose and lignin binding in the native corn stover. 

Chapter 4 provided insight into cellulose solubilization in corn stover during CELF 

pretreatment and subsequent enzymatic hydrolysis. Rate constants and Arrhenius 

activation energy values were calculated using kinetic modeling and non-linear regression 
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for glucan solubilization during CELF pretreatment. The calculated values suggest that 

most of the glucose released could be attributed to CELF pretreatment converting a high 

portion of the cellulose to amorphous cellulose. The high amount of amorphous cellulose 

generated during CELF could explain the high rates of enzymatic hydrolysis. Additionally, 

application of a fractal kinetic model to describe glucan release rates by enzymatic 

hydrolysis of the CELF pretreated solids suggests delignification and pretreatment 

temperature play an important role in enzymatic hydrolysis rates and yields.  

Chapter 5 looks into the deconstruction of CELF pretreated poplar, a more 

recalcitrant feedstock than corn stover, using CBP. Specifically, the investigations focused 

on the impacts of pretreatment time at constant temperature on CBP rates and conversion. 

The results showed pretreatment duration correlated with rates of CBP, meaning C. therm 

had an easier time accessing the available sugars the longer the solids were pretreated. 

Additionally, the data suggests C. therm experienced no inhibition due to the presence of 

lignin up until its final conversion for lower pretreatment times. However, at higher 

pretreatment times C.therm can quickly consume all the sugars in 3 days, and fractal 

kinetics suggests the limiting factor being overcrowding of C.therm onto the substrate. 

Overall, the developments in this work can be paired with characterization techniques to 

bring more conclusive evidence towards structural factors that impact CBP rates and 

conversion after pretreatment. 

Chapter 6 focused on process development of coupling wild type DSM 1313 

Clostridium thermocellum with glucose isomerase for the production of fructose from 

cellulose. The result was a novel new process for the production of fructose from cellulose 



219 
 

The work then focused on increasing fructose yields by producing higher amounts of 

glucose from C. therm. The following parameters were evaluated for saccharification using 

Clostridium thermocellum: solids loading, metabolic suppressants, temperature, and 

enzyme supplementation The largest impact on glucose production from the parameters 

surveyed was solids loading. The work shows the possibility of producing enzymes from 

Clostridium thermocellum without the time consuming process of Cellulosome extraction 

for the production of glucose.  

Lastly, chapter 7 coupled fungal enzymes with glucose isomerase to produce 

fructose from lignocellulose. Optimum operating parameters were evaluated to combine 

the process of saccharification and isomerization into a one pot reaction. The result was a 

novel process that combined saccharification with fungal enzymes at low enzyme loadings 

(5 mg enzyme/ g glucan) with solid immobilized glucose isomerase to convert 95% of 

highly enriched glucan solids from CELF pretreated corn stover to fructose at 26% yields. 

The developments can then be coupled with downstream catalytic upgrading of fructose to 

5-hydroxymethyfurfural (5-HMF) using heterogeneous catalysis. The result would be a 

novel process for the conversion of corn stover to SFP. 

8.3 Recommendation for Future Research 

 The work presented in this thesis provide novel insights on each processing step 

starting from pretreatment and culminating with production of fructose. Conclusions drawn 

from each chapter relied heavily on kinetic and molecular modeling. This section will cover 

additional recommended experiments to gain further insights and provide further 

confirmation for each chapter’s conclusions. 
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 Chapter 3 provided new kinetic models for the removal of hemicellulose and lignin 

from corn stover. The equations developed fit the data and provided unique insights on 

CELF operation in the miscible and immiscible phase. The equations suggest a ratio of 

bulk and residual lignin present in the biomass as a function of time. Pairing the kinetic 

model with solids characterization would provide evidence towards what linkages left in 

the lignin are considered “bulk” and “residual”. Two dimensional Heteronuclear Single 

Quantum Coherence (2D HSQC) would provide information on which lignin linkages 

break as a function of time during CELF pretreatment.  

 Chapter 4 suggested pretreatment temperature also played a role in enzymatic 

hydrolysis yields and rates, as pretreatments done at higher temperatures with similar 

amounts of lignin removal produced higher enzymatic hydrolysis rates. A hypothesis to 

explain this observation was the increased production of amorphous cellulose during 

pretreatment at higher temperatures. Running X-ray powder diffraction (XRD) on the 

pretreated solids could confirm this hypothesis by measuring the amount of amorphous 

cellulose present in the solids.  

 Similar solids characterizations mentioned for chapter 3 and 4 can be ran for the 

pretreated solids produced for chapter 5. Running XRD and 2D HSQC would provide 

invaluable insights on which components leaving the solids during pretreatment as a 

function of time that most impact C.therm’s ability to access the sugars during CBP. 

 For chapter 5, understanding how solids loadings has an impact on Clostridium 

thermocellum’s production of cellulases will provide valuable insights in directing research 

towards utilization of C. therm as a biocatalyst for cellulose saccharification. Coupling high 
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solids CBP with an indirect enzyme-linked immunosorbent assay (ELISA), ATP 

consumption analysis, and radio labeled 14C-cellulose can determine how much 

cellobiohydrolasis is produced and what primary metabolic process occurs in C. therm 

during glucose accumulation. Further research to make this the prevalent pathway can lead 

to higher amounts of glucose.  

 Finally, for Chapter 7, research towards reactor design can improve fructose yields. 

Industrially, fructose production occurs in a plug flow reactor so pairing enzymatic 

hydrolysis with a solids separator and funneling the liquids into a plug flow reactor can 

realize fructose yields more quickly. The liquids can then be funneled back into the 

saccharafication reactor until cellulose conversion reaches 100%. Additionally, parameters 

for higher solids loadings may be tested to ensure the process can be run at economically 

feasible conditions.  

 

 

 

 




