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ABSTRACT 
 

Acid catalysts are used in many applications focused on biomass conversion.  Liquid 

phase processing serves as one of the primary routes to produce platform chemicals from 

cellulosic biomass.  However, there are still many challenges to overcome before 

commercialization of these processes can be realized.  The fundamental challenge with 

producing products by acid catalyzed reactions is that undesired carbonaceous species (i.e. 

humins) form by both parallel and series reactions, which limit the selectivity to desired 

products. 

 The goal of this research is to study the fundamental acid-catalyzed chemistry to produce 

biomass-derived platform chemicals in liquid phase systems.  We use an integrated approach that 

includes: (1) understanding the fundamental chemistry and reaction pathways through kinetic 

studies with homogeneous acid catalysts and (2) elucidating the relationship between the 

properties of solid acid catalysts and their correlation with activity and selectivity of acid 

catalyzed reactions. 

 We have developed kinetic models for the aqueous phase production of furfural and 

hydroxymethylfurfural (HMF) from xylose and glucose respectively using homogeneous 

catalysts.  The dehydration chemistry to form these furanic derivatives from carbohydrates is 

distinguished by a relatively high activation energy step (ca. 120-160 kJ mol
-1

).  Undesired 

humins also form, which typically have lower activation barriers (i.e. 50-70 kJ mol
-1

).  

Accordingly, a higher selectivity to furfural and HMF is obtained at increased temperatures and 

relatively short reaction times.  HMF and furfural selectivity can also be improved by using a 

biphasic regime to extract the desired products before they undergo further degradation 
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reactions.  According to our kinetic model, we estimate that furfural yields in a biphasic system 

can reach 85%, whereas at these same conditions in a monophase aqueous system furfural yields 

are only 30%. 

 Product selectivity can also be tuned by altering the Brønsted to Lewis acid site ratio of 

the acid catalysts.  We examined the role of Lewis and Brønsted sites of acid catalysts for the 

dehydration of xylose and glucose in aqueous media.  Lewis acid sites decrease furfural and 

HMF selectivity, as they mainly catalyze the formation of isomerization byproducts and humins.  

Brønsted acid sites catalyze the dehydration step to produce furfural and HMF.  These findings 

are true for both heterogeneous and homogeneous catalysts.  Catalysts with high Brønsted to 

Lewis acid ratios, such as zirconium phosphate (ZrP) and Amberlyst 70 (ion resin), exhibit 

furfural selectivities as much as 30 times higher than catalysts with higher Lewis acid site 

concentrations.     

 In our studies of levulinic acid production from glucose with solid acid metal(IV) 

phosphate catalysts, we show that the Brønsted to Lewis acid site ratio can be controlled by the 

adjusting the metal(IV) oxide to phosphorus ratio.  Zirconium phosphate (ZrP) has a higher 

concentration of total acid sites and Brønsted acid sites compared to tin phosphate (SnP).  ZrP 

with a P/Zr molar ratio of 2 is favorable for levulinic acid production due to its inherently high 

surface area and enhanced Brønsted acidity.  Solid-state NMR spectroscopy reveals that ZrP has 

four different phosphate species, with polyphosphates being the predominant species.  The three 

other species are comprised of tetrahedral phosphates bonded to zirconia and hydroxyl groups at 

varying ratios. 
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 We have also discovered that HMF can selectively be produced from cellulose under 

mild reaction conditions in polar aprotic solvents (i.e. tetrahydrofuran) without the presence of 

water.  This pathway goes through a levoglucosan intermediate.  With high concentrations of 

water in the system the levoglucosan will hydrolyze to produce glucose.  In contrast, at low 

water concentrations the levoglucosan will undergo dehydration to produce HMF.  The turnover 

frequency for cellulose conversion increases as the water content in the solvent decreases, with 

conversion rates in tetrahydrofuran being more than twenty times higher than those in water.  We 

believe that the acid sites are stabilized in an aprotic solvent to a less extent than in water, 

leading to higher reactivity of the acid proton.  The highest HMF yield from cellulose we 

obtained was 44%, which is comparable to yields obtained in ionic liquids or biphasic systems.
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Introduction
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A worldwide initiative has been set forth to decrease our dependence on petroleum-based 

fuels and develop new renewable sources of energy.  Particularly, the use of agricultural and 

forest residues and other lignocellulosic crops is a viable option compared to first generation 

biomass, which demonstrate several drawbacks including competition with food crops and 

water.
1
  Lignocellulosic biomass is a renewable feedstock that has received considerable 

attention as a sustainable alternative for the production of fuels and chemicals.
2-11

  In contrast to 

other renewable energies, biomass is the only renewable source of fixed carbon, which is 

essential for the production of liquid hydrocarbon fuels and chemicals.
12-14

 

The production of biomass-derived fuels and chemicals calls for the defunctionalization 

of highly oxygenated compounds which make up lignocellulosic biomass.  Hence, the 

transformation of biomass to fuels primarily calls for the decrease of the effective oxygen to 

carbon molar ratio.  The initial step in liquid-phase biomass upgrading is often hydrolysis, which 

suffers from relatively poor selectivity.  The major challenge in the commercialization of 

cellulosic fuels and chemicals is the development of efficient technologies to attain high product 

selectivity and improve carbon balances.  This in turn will facilitate the overall objective to 

achieve process sustainability and convert high volumes of biomass feedstock to displace crude 

oil as the primary source of fuels.
15

 

Further improvement of conversion and selectivity by liquid phase processing is essential 

to overcome these challenges.  Acid catalysts play fundamental roles in many applications 

focused on biomass upgrading and promising results have already been obtained with 

homogeneous acid catalysts.
16

  Nevertheless, due to their economic and environmental viability, 
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it would be desirable to obtain solid acid catalysts that exhibit activities and selectivities at least 

comparable to their homogeneous counterparts. 

As the major component of lignocellulosic biomass (40-80 wt%
12

), cellulose offers great 

potential as a model compound for the production of renewable fuels and commodity chemicals.  

Compared to hemicellulose and lignin, cellulose is more difficult to decompose due to its 

ordered crystalline structure consisting of glucose monomer units joined together via β-1,4-

glycosidic bonds.  Its recalcitrant nature is increased by intramolecular and intermolecular 

hydrogen bonding networks.  With that being said, cellulose can be subjected to various 

thermochemical techniques to promote decomposition, including hydrolysis with homogeneous 

and solid acid catalysts to produce soluble sugars.
17-19

  Pang et al. reported a glucose yield as 

high as 74.5% from cellulose over sulfonated carbons at 150 °C for 24 h with a feedstock 

concentration of 1 wt%.
20

  Luterbacher et al. recently published a study on the production of 

soluble carbohydrates from cellulosic biomass at high yields (70 to 90%) in a solvent mixture of 

biomass-derived γ-valerolactone (GVL), water, and dilute acid (0.05 wt% H2SO4).
16

 

In addition, the use of ionic liquids as solvents for cellulose decomposition has recently 

received much attention due to their solvation capabilities.  Bell and co-workers have done 

extensive work on this topic including kinetic and thermodynamic studies of cellulose solvation 

and decomposition in ionic liquids such as 1-butyl-3-methylimidazolium chloride.
21-23

  Binder 

and Raines developed a process to convert cellulose and biomass to glucose at yields as high as 

90% in mixtures of an ionic liquid and water with HCl.
24

  Nevertheless, many challenges still 

remain that hinder the potential application of ionic liquids in industrial settings.  Relative low 
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cellulose solubility, high costs, recovery and reuse are currently the major drawbacks of using 

ionic liquids.
25, 26

 

Acid-catalyzed aqueous phase reactions including hydrolysis and dehydration have been 

the focal point of many research studies in the recent years.
10, 27

  Using water as the reaction 

solvent is particularly promising due to the inherently large amounts of water found in cellulosic 

biomass.  Hydrolysis of cellulose and hemicellulose lead to the formation of monosaccharides.  

The acid-catalyzed dehydration of these monomers including pentoses and hexoses leads to the 

formation of 2-furancarboxaldehyde (furfural) and 5-hydroxymethylfurfural (HMF) respectively.  

It has been shown that these furanic derivatives can serve as intermediates for production of 

liquid alkanes and other furan-based chemicals.
5, 28-33

  Dehydration reactions have also been 

shown to play vital roles in liquid phase catalytic processing and aqueous-phase reforming to 

produce jet and diesel fuel range alkanes from biomass-derived oxygenated hydrocarbons.
4, 12, 34, 

35
 

Scheme 1 shows the overall reaction pathways to produce platform chemicals from 

cellulosic biomass with acid catalysts in liquid phase systems.  The challenge is to selectively 

produce furfural and HMF at high sugar conversions, as undesirable oligomerization reactions 

can occur which lead to humin formation.  Several approaches have been suggested to increase 

product selectivity.  These include reactions in non-aqueous media to prevent subsequent 

rehydration reactions, mixed solvent systems and novel catalytic systems.  A review has been 

written by Corma et al. reporting the various catalytic systems and processes available for 

dehydration reactions.
14
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Scheme 1. Reaction scheme for the acid-catalyzed conversion of cellulosic biomass to produce 

platform chemicals in liquid phase systems.  

 

 Furfural is a renewable biochemical produced from lignocellulosic biomass that has 

many different uses.  It is considered an excellent solvent for many organic materials, such as 

resins and polymers.  It is also a precursor to other desired compounds such as furfuryl alcohol 

(via hydrogenation), furan (via decarbonylation) and tetrahydrofuran (via hydrogenation of 

furan).
36

  Likewise, it can serve as the starting material for the production of HMF (by way of 

hydroxymethylation with formaldehyde).
37

  A comprehensive assessment of the various 

applications for furfural was published by Bir Sain et al.
38

  Furfural can also be used as a 

feedstock to make gasoline, diesel or jet fuel.  Huber et al. showed that furfural can serve as a 

precursor for production of liquid alkanes.
39

  It has also been shown that methyl-tetrahydrofuran 
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(MTHF, produced from hydrogenation of furfural) can directly serve as a gasoline blendstock.
40

  

The US-DOE has approved MTHF as a component of P Series type fuels.
12

   

  Furfural was first produced industrially in the beginning of the twentieth century by 

the Quaker Oats Company.
36

  Today commercially, furfural is produced in an energy 

intensive process using batch or continuous reactors with a mineral acid (i.e. sulfuric acid) 

serving as the reaction catalyst.
36

  Current production of furfural uses high pressure steam to 

heat the reaction.  The steam also serves as an extractant to continuously remove the furfural 

from the reaction media.  Downstream, the furfural-water vapor mixture is condensed and 

fed through a stripping column to form a furfural-rich vapor mixture which is then 

condensed.  Due to the limited solubility of furfural in water (8.3% at 20 °C)
36

, phase 

splitting occurs and the furfural-rich lower phase is separated in a decanter.  Further 

dehydration and distillation take place to purify the commercial product.  The water-rich 

upper layer is recycled from the decanter back to the stripper column as reflux.   It is highly 

likely that furfural demand will continue to grow as the price of petroleum based feedstocks 

continues to rise. 

 HMF is an alternative nonpetroleum precursor which can be used as a building block 

chemical for the production of various high-volume organic chemicals with numerous potential 

industrial applications.
41

  Its versatility is attributed to its unique chemical structure consisting of 

hydroxyl and aldehyde functional groups situated symmetrically in the 2,5 positions on the 

molecule.  As a result, HMF can serve as a precursor to an array of 2,5-disubstituted furan 

derivatives.  These include 2,5-furandicarboxylic acid (FDCA) which can serve as a precursor in 

the polymer industry
42

, and 2,5-dimethylfuran (DMF) which can be used as a liquid 
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transportation fuel.
30, 43, 44

  DMF can also be used to produce p-xylene via cycloaddition with 

ethylene combined with dehydration over acidic zeolites and acidic oxides.
45-49

  Alamillo et al. 

have shown quantitative yields of 2,5-di-hydroxy-methyl-tetrahydrofuran (DHMTHF) from 

HMF with ruthenium-supported oxide catalysts.
50

  Huber et al. showed that distillate range liquid 

alkanes (ranging from C7 to C15) can be produced from HMF.
39

  In aqueous systems, HMF is 

readily converted to levulinic acid and formic acid via rehydration.    

 Levulinic acid is also a versatile building block which for decades has been considered a 

basic chemical raw material thanks to its high chemical reactivity.
51

  This unique feature is 

attributed to its two highly reactive keto and carboxyl groups.  This renewable biochemical can 

be used as a platform for the production of various high-volume organic chemicals with 

numerous potential industrial applications.
52

  For example, levulinic acid can serve as a 

feedstock for the production of transportation fuels (gasoline and diesel).  Esterification of 

levulinic acid with C1-C2 alcohols produces levulinic esters which can be used as diesel 

additives.
15

  Elliott and Frye have also shown that levulinic acid can be hydrogenated in the 

presence of a bifunctional catalyst to produce MTHF in one step at relatively high yields.
53

 The increased relevance of levulinic acid is in part due to its potential capability to serve 

as a biobased chemical intermediate to produce fuels via conventional petrochemical 

technology.
54

  Levulinic acid can be converted into GVL via hydrogenation with molecular 

hydrogen or formic acid.
55, 56

  GVL has been shown to be a sustainable liquid  transportation fuel 

suitable of replacing ethanol in gasoline-ethanol blends.
57

  Lange et al. have shown that 

continued hydrogenation of GVL produces valeric acid which can be esterified with alcohols to 

produce a new class of cellulosic transportation fuels, “valeric biofuels”.
58

  Blends of these 
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valeric esters with gasoline have showed promising results in engine testing.  Dumesic and co-

workers have developed an integrated catalytic process to convert GVL to liquid alkenes 

(ranging from C8 to C24) which could be blended with gasoline or jet fuels.
59

  Butene and carbon 

dioxide are initially produced by decarboxylation of the GVL.  The products are then fed to an 

oligomerization reactor where butene monomers are coupled to form condensable alkenes.  A 

comprehensive review of levulinic acid applications is given by Alonso et al.
9
  

 The formation of levulinic acid from carbohydrates consists of a series of consecutive 

reactions, which includes a hexose triple dehydration step to produce 5-hydroxymethylfurfural 

(HMF) and the rehydration of HMF with two molecules of water to produce levulinic acid and 

formic acid.  Furfuryl alcohol, a product of hemicellulose depolymerization and hydrogenation, 

can also serve as an alternative source of levulinic acid.
60

  Levulinic acid production greater than 

80% can be achieved from conversion of aqueous solutions of furfuryl alcohol with hydrochloric 

acid.
61

  Extensive studies have been reported on the conversion of biomass feedstock to levulinic 

acid using homogeneous catalysts, including mineral acids and metal chlorides.
62-66

  An 

overview of levulinic acid synthesis using various feedstocks and acid catalysts is given by 

Girisuta,
67

 as well as by Rackemann and Doherty.
68

 

The overall objective of this research is to better understand the fundamental reactions 

and chemistry for acid-catalyzed reactions for the production of platform chemicals from 

biomass-derived feedstocks in liquid phase systems.  The following chapters will lay the 

groundwork to better understand some of the main challenges that are faced in biomass 

upgrading.  These fundamental studies will set the stage to further improve the low product 

selectivity to biomass-derived platform chemicals, which is currently one of the impeding factors 
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to commercialize these processes.  This research combines the following disciplines: reaction 

kinetic studies; detailed characterization and testing of solid acid catalysts; reaction engineering 

and conceptual process design.  This unique combination will allow us to uncover the most 

proficient means of converting renewable feedstocks to target chemicals in liquid phase systems. 
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SECTION I: AQUEOUS PHASE FURFURAL STUDIES 
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CHAPTER 2 

Furfural kinetics in a biphasic reaction system 
 

 

 

The contents in this chapter are adapted from the following reference, Copyright (2010), reproduced by permission 

of The Royal Society of Chemistry: 

Weingarten, R.; Cho, J.; Conner, W. C.; Huber, G. W., Kinetics of Furfural Production by Dehydration of Xylose in 

a Biphasic Reactor with Microwave Heating. Green Chemistry 2010, 12 (8), 1423-1429  
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2.1. Background 

 The objective of this study was to develop a kinetic model for the dehydration of xylose 

to furfural in a biphasic reactor system heated with microwave energy.  Methyl isobutyl ketone 

(MIBK) was chosen as the extracting solvent.  There are four key steps in our kinetic model: (1) 

xylose dehydration to form furfural; (2) furfural reaction to form degradation products; (3) 

furfural reaction with xylose to form degradation products, and (4) mass transfer of furfural from 

the aqueous phase into the organic phase.  We use our model to describe the optimal reaction 

conditions for furfural production from xylose. 

 A number of kinetic studies on the production of furfural from xylose dehydration have 

appeared in the literature.  The undesired products produced as a byproduct with furfural are 

humins, which are a solid carbonaceous species.
69-72

  Product furfural yields in industrial batch 

processes are between 45% and 50% due to formation of degradation products like humins.
73

  It 

has been proposed that the humins are produced by a reaction between furfural and xylose.
74

  

 Several studies have suggested ways to inhibit the formation of humins and 

subsequently increase the furfural yield.  One approach is to selectively extract the furfural 

from the aqueous solution into an organic phase.  This technique has been reported to be the 

most promising in terms of yield and flexibility.
75

  Trimble and Dunlop
76

 originated this 

concept using ethyl acetate as the extracting media.  Subsequent research included studies on 

various organic solvents such as MIBK.
77-79

  Alternatives to organic solvents have been 

studied as well, such as supercritical carbon dioxide.
80

  Dumesic and co-workers have shown 

viable promise in using a biphasic system.
29, 31

  They have demonstrated this concept with a 

variety of feedstocks, high feedstock concentration, and recycling of organic phase.  
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Similarly, they have shown that applying a low-boiling solvent system, such as MIBK, is 

energetically more advantageous. 

 It has also been suggested that microwave heating may increase the yield of 

dehydration products from carbohydrates.
81, 82

  Microwave-assisted organic synthesis was 

introduced nearly 30 years ago by Gedye et al.
83

  This alternative heating method offers a 

means of rapid and efficient heating which minimizes temperature gradients within the 

reaction sample due to selective heating of the reaction media.  In turn, microwave 

irradiation can result in accelerated reaction rates, higher yields and lower amounts of by-

products for certain reactions.
84, 85

  Hence, this non-conventional energy source has since 

evolved into a very popular and useful technology in the world of organic chemistry.  

 Recent studies have investigated the production of biomass-derived chemicals via 

microwave heating.  Qi et al. studied the dehydration of fructose to HMF in a microwave-

assisted reaction system in acetone-water media with ion-exchange resin as catalyst.
81

  Under 

their reaction conditions, fructose conversion and HMF yields by microwave heating (91.7% 

and 70.3%, respectively) greatly surpassed those by sand bath heating (22.1% and 13.9%, 

respectively).  The same authors also developed a process to efficiently convert fructose to 

HMF by combining the use of ion-exchange resins as catalysts with ionic liquid.
86, 87

  The 

application of ionic liquids in carbohydrates (lignocellulosic biomass) chemistry is relatively 

new and further studies combining these two fields are presented by Zakrzewska et al.
88

  

Additionally, Qi et al. also reported promising results when they studied the production of 

HMF from glucose and fructose catalyzed by TiO2 and ZrO2 under microwave irradiation.
81

  

When taking energy efficiency into consideration, Gronnow et al. have reported up to an 85-
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fold reduction in energy consumption on switching from a conventional oil bath to 

microwave-assisted set up for a heterogeneous Suzuki reaction.
89

 

 

2.2. Experimental 

2.2.1. Reaction kinetics measurements 

 Mono and biphase batch reactions were performed by way of microwave heating.  

Reactions were carried out in the Discover
TM

 System (CEM Corporation) with an 80 mL 

batch reactor.  Monophase reactions consisted of an aqueous solution of 10 wt% xylose 

(Acros Organics), unless otherwise stated.  Biphasic systems consisted of 1:1 wt/wt aqueous 

solution and MIBK (Fisher Scientific).  In all experiments, the acid concentration was 

constant at 0.1 M HCl (relative to aqueous phase).  All solutions were mixed at a maximum 

constant rate using a magnetic stir bar.  Temperatures in the reactor were measured by way 

of a fiber optic sensor.  The reaction vessel was pressurized autogenously due to the vapor 

pressure of the solution at the defined reaction temperature.  A dip tube was inserted into the 

reaction media for sampling purposes.  Samples were immediately quenched with ice and 

filtered with a 0.2 μm syringe filter prior to analysis.  Conventional reactions took place in a 

100 mL Parr reactor with a sampling port.  Sample handling was as described above.  

 

2.2.2. Analysis 

 Each phase of the reaction mixture was analyzed separately by high-pressure liquid 

chromatography (HPLC) with a Shimadzu
©

 LC-20AT.  Xylose was detected with a RI 

detector (RID-10A) and products were detected with a UV-Vis detector (SPD-20AV) at 
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wavelengths of 210 and 254 nm.  The column used was a Biorad
©

 Aminex HPX-87H sugar 

column.  The mobile phase was 0.005 M H2SO4 flowing at a rate of 0.6 mL/min.  The 

column oven was set to 30 °C.  Total organic carbon (TOC) measurements were performed 

with a Shimadzu
©

 TOC-VCPH Analyzer.  Any experimental errors associated with the 

measurements reported below pertain solely to the calibraton technique used to quantify the 

concentrations of the reagents and products. 

 

2.2.3. Modeling 

 Experimental data were collected and used to compare with the proposed kinetic 

model to estimate rate parameters of the reaction paths in a xylose dehydration system.  The 

kinetic model for the overall reaction path was a set of coupled nonlinear ordinary 

differential equations (ODEs) and rate constants were correlated by the Arrhenius equation to 

include temperature dependency.  A complete set of concentration data of reactants and 

products at different temperatures was used to numerically adjust the rate parameters of the 

overall governing reaction equations.  Matlab and Athena Visual Studio v14.0 were used for 

the numerical integration of ODEs and parameter estimations. 

 In the model, it was assumed that the furfural decomposition occurred only in the 

aqueous phase and was not significantly dependent on the concentration of xylose and other 

derived products.  Separate experiments with 0.16 M furfural (1.5 wt%) as feedstock were 

executed in order to determine the rate parameters for furfural decomposition.  A value of 

0.74 M xylose (10 wt%) was used as the initial conditions of rate equations in the numerical 

integration and the sum of absolute errors between estimated and observed values at 
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experimental sampling points was minimized to find the optimal prediction for the rate of 

xylose decomposition and furfural formation.  All kinetic data at temperatures between 130 

and 170
o
C (5-15 points for each temperature) obtained from monophase experiments were 

included in the kinetic parameter estimation.  Rate parameters determined from monophase 

data were used further to estimate the furfural distributions between organic and aqueous 

layers in the biphasic system. 

 

2.3. Results 

2.3.1. Comparison of microwave and conventional heating 

 Initial tests were performed to compare the efficiency of the reaction with microwave 

and conventional heating at three different temperatures as shown in Figure 1.  This figure 

reveals that microwave heating slightly enhanced xylose decomposition, as well as furfural 

yield.  Nonetheless, the results obtained with both heating sources were comparable to each 

other. 



17 

 

  

 

Figure 1. Comparison between microwave (open symbols) and conventional (closed symbols) 

heating in a monophase system for 10 wt% xylose and 0.1 M HCl.  T (°C) = 150 (), 160 (), 

170 ().  (a) xylose conversion; (b) furfural yield.  Reproduced from ref.
90

 by permission of The 

Royal Society of Chemistry.  

 

2.3.2. Effect of xylose concentration 

 The effect of xylose concentration on the dehydration of xylose was studied at a 

temperature of 160 °C as shown in Figure 2.  The furfural yield was found to be independent 

of the xylose concentration.  However, the xylose degradation rate increased with increasing 

xylose concentration.  The furfural selectivity also showed dependency on the xylose 

concentration as shown in Figure 3.  The furfural selectivity decreased with increased xylose 
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(and furfural) concentration.  This coincides with the concept stated earlier that byproducts 

(humins) could be formed from a reaction between xylose and furfural.
74

  The remaining 

portion of this study was performed with a xylose concentration of 10 wt%. 

 

Figure 2. Effect of initial xylose concentration on (a) xylose conversion and (b) furfural yield in 

a monophase system at 160 °C and 0.1 M HCl.  [X]o (wt%) = 1 (), 5 (), 10 (), 15 ().  

Reproduced from ref.
90

 by permission of The Royal Society of Chemistry. 
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Figure 3. Effect of initial xylose concentration on furfural selectivity in a monophase system at 

160 °C and 0.1 M HCl.  [X]o (wt%) = 1 (), 5 (), 10 (), 15 ().  Reproduced from ref.
90

 by 

permission of The Royal Society of Chemistry. 

 

2.3.3. Xylose dehydration and furfural degradation in a monophase system 

 Dehydration of xylose was performed in a single (aqueous) phase at temperatures 

between 130-170 °C.  In order to measure the decomposition rate of furfural in the aqueous 

phase, experiments were also performed with furfural as the feedstock (1.5 wt%) in acidic 

media (0.1 M HCl).  Reaction times of up to 8 hours were required to detect any considerable 

decomposition of furfural.  This finding also coincides with previous investigations ,
71, 91

 

which found furfural degradation to be relatively slow compared to xylose dehydration.  It is 

notable to mention that quantifiable amounts of formic acid were also detected as a by-

product of this reaction.  Williams and Dunlop suggested that this was a result of hydrolytic 

fission of the furfural aldehyde group.
69, 91
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2.3.4. Xylose dehydration in a biphasic system 

 Biphasic experiments were performed by employing two immiscible liquid phases in 

the reactor.  A 1:1 wt/wt ratio of MIBK to aqueous xylose solution was used.  The MIBK 

served as the upper phase and the aqueous xylose solution constituted the bottom phase.  The 

xylose was only soluble in the aqueous phase.  Biphasic studies with MIBK were conducted 

at temperatures 140-160 °C.  The rate of xylose decomposition was found to be higher in the 

monophase system compared to the biphasic as shown in Figure 4(a).  Additionally, as 

expected, the overall furfural yield in the biphasic system surpassed the values obtained in 

the monophase system (Figure 4(b)). 



21 

 

  

 

Figure 4. Effect of monophase (open symbols) and biphase (closed symbols) reaction systems 

on (a) xylose conversion and (b) furfural yield for 10 wt% xylose and 0.1 M HCl.  Biphase 

system consisted of 1:1 wt/wt aqueous solution and MIBK.  T (°C) = 140 (), 150 (), 160 

().  Reproduced from ref.
90

 by permission of The Royal Society of Chemistry. 

   

 The furfural distribution ratio              was also calculated and plotted as a 

function of reaction time as shown in Figure 5.  This ratio did not significantly vary with 

temperature.  All temperatures approached a              value of 7.1 as the time of reaction 

increased.  Consequently, separate extraction experiments showed the furfural dist ribution to 
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for a fixed time.  The two phases were then left to phase separate and samples were taken at 

the mixing temperature. 

 

Figure 5. Effect of temperature on furfural distribution between organic and aqueous phase for 

10 wt% xylose and 0.1 M HCl.  Biphase system consisted of 1:1 wt/wt aqueous solution and 

MIBK.  [F]org and [F]aq denote furfural concentrations in the organic and aqueous phase 

respectively.  T (°C) = 140 (), 150 (), 160 (), 170 ().  Reproduced from ref.
90

 by 

permission of The Royal Society of Chemistry. 

 

 

2.3.5. Kinetic model for xylose dehydration in a monophase system 

 The adopted reaction scheme for monophase dehydration of xylose is shown below in 

Scheme 2.  All three of these reactions are irreversible.  Xylose can undergo two parallel 

reactions Eq. 1 and Eq. 2.  The first reaction is the dehydration of xylose to produce furfural.  
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Reaction 1 is reported to be pseudo first order with respect to xylose.
71, 72, 91, 92

  This 

coincides with the kinetic data we reported in Figure 2(b).  Furfural decomposition as 

depicted by Eq. 3 is found to be first order with respect to furfural.  This is also similar to 

previous studies.
69, 70, 72, 92

   Reaction 2 is first order with respect to xylose and first order 

with respect to furfural. 

  
          
           (1) 

    
          
       (2) 

  
          
       (3) 

                                                     

Scheme 2. Xylose dehydration in a monophase system. 

 

 Other researchers have suggested that Reaction 2 takes place between furfural and a 

xylose intermediate.
91, 92

  Root et al. based this claim by citing that the quantity of furfural 

added to a xylose solution did not affect its disappearance rate.
92

  However, as shown in 

Figure 4(a), there is a visible distinction between xylose disappearance in the monophase and 

biphasic systems.  Qi et al.
71

 postulated a side reaction which involves xylose; however it 

was defined as a unimolecular decomposition reaction.  The rate equations for xylose 

consumption and furfural production can be written as: 

            
        

                
   (4) 

                   
                

             
   (5) 
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 All three reactions are a function of the acid catalyst concentration and their rate 

constants have the appropriate dimensions.  All experimental data for the monophasic 

reactions were fit to the model to estimate the three rate parameters.  The best correlated 

values with their standard errors are tabulated in Table 1.  Figure 6 shows the experimental 

data in a monophase reacting system with the fitted model. 

 

Table 1. Estimated kinetic parameters for xylose dehydration in a monophase system.
c
 

 
log10A EA(kJ mol

-1
 ) 

 
b
k1(min

-1
) 13.17  0.72 

a
 123.91  6.00 

 
b
k2(M

-1
 min

-1
) 7.63  1.97  72.47  16.28 

 
b
k3(min

-1
) 5.44  1.18 67.58  9.66 

 
a
  95% confidence interval in parameter estimation. 

b
 1

st
 and 2

nd
 order rate parameters that are lumped with acid concentration;           

   
c
 Reproduced from ref.

90
 by permission of The Royal Society of Chemistry.  
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Figure 6. Kinetic model fit for (a) xylose decomposition and (b) furfural formation in a 

monophase system for 10 wt% xylose and 0.1 M HCl.  T (°C) = 130 (), 140 (), 150 (), 160 

(), 170 (); Model prediction (―).  Reproduced from ref.
90

 by permission of The Royal 

Society of Chemistry. 

  

 The furfural decomposition data is plotted in Figure 7 along with its kinetic model fit.  

The disappearance rate was relatively slow and observed to follow a first order 

decomposition.  TOC measurements were performed to predict the overall carbon balance.  

We accounted for over 90% of the carbon.  This balance does not include formic acid which 

was detected as a by-product and not quantified.  The correlated values for activation energy 

and pre-exponential factor for Reaction 3 in our kinetic model are listed in Table 1.  These  

results are consistent with previously reported values for unimolecular furfural degradation 

in a single phase.
69, 71
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Figure 7. Kinetic model fit for furfural decomposition in a monophase system for 1.5 wt% 

furfural and 0.1 M HCl.  T (°C) = 140 (), 150 (), 160 (); Model prediction (―).  

Reproduced from ref.
90

 by permission of The Royal Society of Chemistry. 

 

 

2.3.6. Kinetic model for xylose dehydration in a biphasic system 

 The suggested reaction scheme for dehydration of xylose in a biphasic system is 
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Figure 8. Overall reaction scheme including furfural extraction to the organic phase in a biphasic 

system.  Reproduced from ref.
90

 by permission of The Royal Society of Chemistry. 

  

Based on experimental observation, the following kinetic model was established to depict 

xylose decomposition in the two-phased system: 

      
          
               (6) 

            
          
       (7) 

      
          
       (8) 

      
          
           (9) 

       
           
           (10) 

Scheme 3. Xylose dehydration in a biphase system. 

 

 In this model estimation, the same values estimated from monophase experiments 

were used for the rate parameters of k1, k2, and k3.  Reaction 4 depicts furfural transport 

between the organic and aqueous layers.  The mass transfer coefficients, k4 and k-4, were 
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assumed constant values, as the furfural distribution between aqueous and organic phases 

was considered to be constant and not temperature dependent of the Arrhenius equation 

under the reaction conditions (Table 2).  In the modeling, it was assumed that the furfural 

distribution was solely dependent on the bidirectional mass transfer rates and other kinetics 

or paths were not disturbed by thermodynamic instability.  

 

Table 2. Estimated mass transfer coefficients derived for a biphasic system.
a
 

k4/k-4 7.1 
 

a
 Reproduced from ref.

90
 by permission of The Royal Society of Chemistry. 

 
 

  

 Additional tests showed that the organic phase served solely as “storage” for furfural 

where no additional decomposition reactions occurred.  This is most likely due to the 

negligible solubility of the acid catalyst in this phase.  The organic phase only contained 

furfural and MIBK.  The overall rate equations for a biphasic system are:  

            
        

                  
   (11) 

 

 

             
        

     
             

   

     
          

                     (12) 

 

 

                              (13) 
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 When the rates of mass transfer are much faster than the rate of furfural formation, 

their parameters can be related by the distribution coefficient of furfural at equilibrium.  

 

                            

  

The best fit was achieved when log(k4) was approximately 7.4, which is much larger than the 

other kinetic parameters (                     ).  

 

 Figure 9 exhibits the biphasic model fit to the experimental data for xylose 

decomposition and furfural formation.  The model shows a good fit for all temperatures apart 

from 170 °C.  The model underestimates the xylose degradation rate at this temperature, as 

well as the furfural presence in the organic phase. 
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Figure 9. Kinetic model fit for (a) xylose decomposition and (b) furfural formation in a biphase 

system for 10 wt% xylose and 0.1 M HCl. Biphase system consisted of 1:1 wt/wt aqueous 

solution and MIBK.  T (°C) = 140 (), 150 (), 160 (), 170 ().  Open and closed symbols 

denote furfural concentrations in the organic and aqueous phase respectively.  Dashed (---) and 

solid (―) lines represent model predictions for furfural in the organic and aqueous phase 

respectively.  Reproduced from ref.
90

 by permission of The Royal Society of Chemistry. 
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2.4. Discussion 

2.4.1. Kinetic model calculations 

 The apparent rate parameters introduced here allow for theoretical calculations of 

furfural yield in both a single and two-phase system.  Figure 10 plots the calculated values at 

various temperatures as a function of reaction time for both systems.  These results show that 

a biphasic reaction system is essential to maximize the yield of furfural.  The optimal yield 

also occurs at high temperatures and short reaction times.  The kinetic parameters in Table 1 

show that the dehydration of xylose to furfural is the highest activation energy step.  As this 

is the desired reaction, a higher yield is expected at increased temperatures since the ratio of 

k1 to k2 and k1 to k3 increase with elevated temperatures.  Likewise, shorter reaction times are 

preferred to maximize the furfural yield.  Implementing a biphasic system presents a distinct 

advantage with a theoretical furfural yield of 85% at 170 °C compared to a single aqueous 

phase system which yields only 30% at the same temperature. 
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Figure 10. Calculated furfural yield as a function of reaction time and temperature for a (a) 

monophase and a (b) biphase system at 10 wt% xylose and 0.1 M HCl.  Biphasic system 

consisted of 1:1 wt/wt aqueous solution and MIBK.  Dotted lines (…) represent furfural yield in 

the organic phase.  Solid lines (—) represent total furfural yield.  Symbol () represents 

maximum furfural yield.  Reproduced from ref.
90

 by permission of The Royal Society of 

Chemistry. 

   

2.4.2. Microwave effect on rate parameters 

 The kinetic parameters derived from our model (Table 1) are in good agreement with 

those obtained in previous studies that used conventional heating methods.  The literature 

reports activation energies for xylose dehydration in the range 111 to 125 kJ mol
-1

.
71, 72, 93

  

Values for furfural degradation range from 48 to 90 kJ mol
-1

.
69-72

  These comparable rate 

parameters confirm the lack of any considerable effects arising from microwave heating.  

Our finding is contrary to others who report enhanced results due to microwave irradiation
81

.  
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A plausible cause for the discrepancy lies in the nature of the catalyst.  The enhanced 

microwave effects were reported for reaction systems with solid acid catalysts.  Accordingly, 

it has been emphasized that microwave absorption at the solid interface can advantageously 

influence the overall reaction kinetics.
94

 

 

2.4.3. Kinetic model comparison to proposed mechanism 

 Antal et al. proposed a detailed mechanism of the formation of furfural from xylose.
95

  

According to this work, it can be assumed that the rate-determining step for xylose 

dehydration is the formation of the protonated xylopyranose intermediate (refer to step no. 5 

in scheme II in ref.
95

).  To determine the credibility of our kinetic model, a comparison was 

made between their reported rate constant and our rate constant k’1 calculated at their 

reaction temperature of 250 °C.  The calculated rate constant from our model (1.04 M
-1

 s
-1

) 

was found to be comparable to that cited in the literature by Antal et al. (5.58 M
-1

 s
-1

).  

Different reaction conditions (temperature, catalyst) are a probable cause for the slight 

dissimilarity. 
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CHAPTER 3 

Design of solid acid catalysts for aqueous phase dehydration of 

carbohydrates 
 

 

 

The contents in this chapter are adapted from the following reference, Copyright (2011), with permission from 

Elsevier: 

Weingarten, R.; Tompsett, G. A.; Conner Jr, W. C.; Huber, G. W., Design of solid acid catalysts for aqueous-phase 

dehydration of carbohydrates: The role of Lewis and Brønsted acid sites. Journal of Catalysis 2011, 279 (1), 174-

182.  
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3.1. Background 

 This chapter discusses a study wherein we prepared a series of well characterized solid 

acid catalysts, including zirconium phosphate (ZrP), silica alumina (SiO2-Al2O3), tungstated 

zirconia (WOX/ZrO2), gamma alumina (γ-Al2O3), and HY zeolite, and tested them for aqueous 

phase dehydration of xylose.  The objective of this study was to examine the role of Lewis and 

Brønsted sites of solid acid catalysts for the dehydration of carbohydrates in aqueous media.  

These results will allow us to deduce the optimal design of solid acid catalysts for this class of 

reactions. 

 Many studies have reported on the dehydration of xylose to form furfural with 

homogeneous acid catalysts.
29, 31, 38, 96

  Even though promising results have been attained, it 

would be desirable to obtain solid catalysts that exhibit activities and selectivities at least 

comparable to homogeneous catalysts for aqueous phase dehydration.  Solid catalysts are 

advantageous due to their economic and environmental viability.  Industrially, they are preferred 

due to the ease of post reaction catalyst separation.  Valente and co-workers have reported 

various studies on the design of solid acid catalysts for the dehydration of xylose to produce 

furfural.  Their work spans over a broad range of catalytic materials including modified 

mesoporous silicas,
97-100

 exfoliated transition metal oxides,
101

 sulfated metal oxides 
102

 and 

microporous silicoaluminophosphates.
103

  Gürbüz et al. reported a study on the conversion of 

hemicellulose into furfural using solid acid catalysts.
104

  They obtained furfural yields of up to 

80% in the presence of H-Mordenite in a solvent system containing GVL and 10 wt% water.  

Similarly, Gallo et al. used H-Beta zeolite to produce furfural from biomass-derived compounds 

in a solvent system containing GVL.
105

  The combination of Lewis and Bronsted acid 
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functionality of H-Beta was shown to be effective for the isomerization of xylose and arabinose, 

followed by dehydration.  It has also been shown that modified mesoporous catalysts, such as 

arenesulfonic SBA-15, are highly active and selective for xylose dehydration to produce 

furfural.
106

  A comprehensive review of furfural production with solid acid catalysts is given by 

Karinen et al.
107

  

 There are still many unanswered questions pertaining to the behavior of solid catalysts in 

aqueous solutions.  An area of particular focus is the interfacial interactions between aqueous 

solutions and metal oxides.  The metal oxide-water interface is reactive due to a range of 

chemistries, including acid-base, ligand exchange, and/or redox.
108

  In general, the exposure of 

solid oxides to water gives rise to electrical charges on the solid surface.  This is due to hydration 

effects which can involve H
+
 and OH

-
 ions from the bulk aqueous phase.  Incomplete 

coordination of the exposed metal or oxide ions at the solid surface is the cause of this 

phenomenon.
109

  As a result, positive and negative sites are present on the solid surface and the 

excess of one type of site determines the net charge.  For aqueous solutions this is a function of 

the pH.  The solution pH at which the net charge on the surface is zero is known as the point of 

zero charge (PZC).  The surface has a net positive charge when the solution pH is below the PZC 

and a net negative charge when the solution pH is above the PZC.
110

  Comprehensive studies on 

the PZC of various metal oxides and hydroxides have been reported by Parks and Kosmulski.
111-

116
 

 On the catalyst surface, Brønsted acid sites (proton donors) can be generated from highly 

polarized hydroxyl groups.  They can also form on oxide-based catalysts via proton balance of a 

net negative charge introduced by substituting cations with a lower valence charge.
117
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Alternatively, Lewis acid sites form from coordinatively unsaturated cationic sites, which leave 

M
n+

 exposed to interact with guest molecules as an acceptor of an electron-pair.
26

  Exposure of 

the catalysts to a polar solvent such as water can potentially alter the intrinsic nature of the acid 

surface due to solvation effects.  For instance, the hydroxyl ion from the water molecule (Lewis 

base) can react with a Lewis site on the surface to generate Brønsted sites.
118-121

  Davis and co-

workers have shown that tin-containing zeolites behave as Lewis acids in water and are highly 

active catalysts for the isomerization of glucose.
122

  Others have reported that the primary effect 

of water is displacement of strongly adsorbed basic probe molecules from the acid sites.
123, 124

  

Poisoning of the acid sites by water may also occur depending on the surface 

hydrophilicity/hydrophobicity of the catalyst.
125

  

 This reality in turn poses difficulties in determining the acidity of solid acids in aqueous 

media.  One approach is to determine the number of Brønsted sites in water from the number of 

free protons arising from cation exchange with a salt in aqueous solution at the surface of the 

solid.
126-130

  Aqueous phase titration is a common method used for quantification purposes.  The 

concentration of acid sites can also be estimated by poisoning of the active sites with a base and 

measuring the catalytic activity versus poison concentration.
119

  Other techniques for acid site 

characterization have been reviewed by Tanabe.
131

 

  

3.2. Experimental 

3.2.1. Catalyst Preparation 

 The ZrP catalyst was prepared following procedures previously reported in the 

literature,
132

 which consisted of precipitation of ZrCl2O · 8H2O (Sigma Aldrich, 1 mol L
-1

, 70 
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mL) and NH4H2PO4 (Sigma Aldrich, 1 mol L
-1

, 140 mL) at a molar ratio of P/Zr = 2.  The 

solution was stirred and then filtered, washed with de-ionized (DI) water and dried overnight at 

373 K.  The catalyst was calcined at 673 K for 4 h in air prior to reaction.  This ZrP was 

confirmed to be amorphous by X-ray diffraction (XRD).  The SiO2-Al2O3 catalyst (Sigma 

Aldrich grade 135, Si/Al = 5.0) was calcined at 773 K for 16 h in air.  HY catalyst (Zeolyst CBV 

720, Si/Al = 30) was calcined at 813 K for 16 h in air.  Tungstated zirconia catalyst (WOX/ZrO2, 

XZO 1251) with WO3 content 15 wt% was supplied by MEL Chemicals.  This catalyst was 

calcined in air at 873 K for 4 h to remove water and organic contaminants.  The γ-Al2O3 catalyst 

was obtained by calcining alumina boehmite CATAPAL B supplied by Sasol at 873 K for 4 h in 

air.  The crystal structure was confirmed by XRD.  The Nafion SAC-13 (Sigma Aldrich) and 

Amberlyst 70 (Rohm and Haas) were dried overnight at 383 K and crushed.  The latter was 

sieved to a particle size of ≤ 125 µm.  Hydrochloric acid was supplied by Fisher Scientific.  

Ytterbium (III) trifluoromethanesulfonate hydrate, Yb(OTf)3, was supplied by Strem Chemicals.  

The Brønsted and Lewis acid sites for each solid catalyst are portrayed in Table 3. 
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Table 3. Illustration of the Brønsted and Lewis acid sites for each solid catalyst.
b
 

Catalyst 
a
 Brønsted sites Lewis sites 

ZrP 
133, 134

 

 

 

SiO2-Al2O3 
119, 125

 

 
 HY 

WOX/ZrO2 
135-137

 

 

 

γ-Al2O3 
118

 

 
 

Nafion SAC-13 
138

 

 

N/A 

Amberlyst 70 
139

 

 

N/A 

a
  references to figures 

b 
 Reprinted from ref.

140
, Copyright(2011), with permission from Elsevier. 

 

 

3.2.2. Catalyst Characterization 

 Total acid sites were determined by ammonia-temperature programmed desorption (NH3-

TPD)
141

 with a Quantachrome ChemBET Pulsar
TM

 TPR/TPD Automatic Chemisorption 

Analyzer coupled with a thermal conductivity detector (TCD) to quantify the ammonia desorbed 
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from the sample.  A sample of 300 mg was initially degassed at 773 K for 1 h under a constant 

helium flow of 60 mL min
-1

 (Airgas, UHP).  The sample was cooled and ammonia (Airgas, 

electronic grade) was adsorbed at 373 K.  After saturation, the ammonia supply line was shut off 

and helium was purged at 60 mL min
-1 

to remove any physically adsorbed ammonia.  The sample 

was then heated linearly at a rate of 10 K min
-1

 from 373 to 873 K (973 K for ZrP) under a 

constant helium flow of 60 mL min
-1

.  The sample was held at the temperature set point for an 

additional 1 h. 

 The Brønsted to Lewis acid site ratio of the catalysts were determined by FTIR 

spectroscopy with ammonia as a probe molecule.
142, 143

  The spectra were recorded on a Bruker 

Equinox 55 spectrometer at a resolution of 4 cm
-1

 (averaging 50 scans).  A Harrick Scientific 

“Praying Mantis” Diffuse Reflectance Infrared cell (DRIFTS) allowed for in situ recording of the 

spectra at ambient temperature and catalyst activation at higher temperatures.  The cell was 

equipped with a heater and connected to a gas flow system.  The temperature was monitored 

with a thermocouple placed in direct contact with the sample.  Powder samples (~20 mg) were 

loaded into the DRIFTS cell for FTIR spectroscopy studies.  A spectrum of KBr (taken at 

ambient temperature before) was used as a background reference.  Before the surface 

characterization was performed, the samples were activated by heating at 673 K for 2 h under 

helium (Airgas, UHP) flow of 20 mL min
-1

, cooled down to 373 K and saturated with ammonia 

(Airgas, anhydrous 99.99%) for 20-30 min.  The gas flow was then switched back to helium (20 

mL min
-1

) to remove physically adsorbed ammonia and the spectrum monitored until no change 

was observed (ca. 30 min).  The samples were then heated in helium flow (20 mL min
-1

) to 

various temperatures.  The spectra were recorded at each temperature up to 873 K.  All of the 
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spectra were obtained by subtraction of the corresponding background reference spectra.  Data 

analysis and peak fitting were carried out using GRAMS/AI
®
 software (ThermoScientific).  The 

ion-exchange polymer resins were analyzed by FTIR spectroscopy according to a previously 

reported method with pyridine as a probe molecule.
144

 

 The BET surface areas and pore volumes were determined by nitrogen adsorption at 77 K 

using a Quantachrome Autosorb
®
-1-C automated gas sorption system.  The samples were 

evacuated before each experiment at 523 K for 24 h (423 K for ion-exchange resins).  As the 

BET method overestimates the surface area of microporous material, an empirical estimation 

technique was used.  This consisted of subtracting the adsorbed volume of adsorbate in the 

microporous region (typically P/Po< 10
-4

) from the remaining adsorption points and recalculating 

the surface area by using the BET method and obtaining the appropriate “C” constant. 

 Liquid adsorption experiments with aqueous solutions of xylose and furfural were 

performed in accordance with the literature.
124

  A known amount of catalyst (0.15 g) was mixed 

with 10 g of a 2 wt% solution of DI water and the adsorbate.  The mixture was stirred for 19-22 h 

at room temperature to ensure that equilibrium was reached, followed by filtration with a 0.2 μm 

syringe filter to remove the catalyst.  Desorption studies were carried out by separating the 

catalyst from the liquid phase with a centrifuge following the adsorption procedure.  DI water 

was then added to the retained catalyst and the mixture was stirred for additional 22 h at room 

temperature to ensure that equilibrium was reached.  The mixture was finally filtered with a 0.2 

μm syringe filter to remove the catalyst.  The amounts of adsorbate/desorbate present in the 

liquid phase were determined with the analysis method stated below. 
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 The catalytic acid sites in the aqueous phase were determined by a titration method 

previously reported in the literature.
145

  A sodium hydroxide aqueous solution (0.01 mol L
-1

, 20 

mL) was mixed with a known amount of catalyst for 2 h at room temperature.  The solution was 

then filtered with a 0.2 μm syringe filter and titrated by a hydrochloric acid solution (0.1 mol L
-

1
).  The equivalence point (EQP) was detected by using a Mettler-Toledo

©
 T50 auto-titrator.  

Phenolphthalein indicator was used as well for qualitative purposes. 

3.2.3. Catalyst Activity 

  Reactions were carried out in the Discover
TM

 System (CEM Corporation) with an 80 

mL batch reactor.  Xylose dehydration reactions consisted of an aqueous solution of 10 wt% 

xylose (Acros Organics) unless otherwise stated.  Furfural decomposition reactions consisted 

of 1.5 wt% furfural (Acros Organics) unless otherwise stated.  All of the aqueous solutions 

were prepared with DI water.  Throughout all of the experiments, the total number of acid 

sites was held constant at 0.500 mmoles (determined by NH3-TPD) unless otherwise stated 

and the amount of loaded reaction solution was kept constant at 30 g.  All solutions were 

mixed at a maximum constant rate using a magnetic stir bar.  Temperatures in the reactor 

were measured by way of a fiber optic sensor.  The reaction vessel was pressurized due to the 

vapor pressure of the solution at the defined reaction temperature.  A dip tube was inserted 

into the reaction media for sampling purposes.  Samples were immediately quenched with ice 

and filtered with a 0.2 μm syringe filter prior to analysis. 
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3.2.4. Analysis 

  Samples were analyzed by high pressure liquid chromatography (HPLC) with a 

Shimadzu
©

 LC-20AT.  Xylose was detected with a RI detector (RID-10A) and products were 

detected with a UV-Vis detector (SPD-20AV) at wavelengths of 210 and 254 nm.  The 

column used was a Biorad
©

 Aminex HPX-87H sugar column.  The mobile phase was 0.005 

M H2SO4 flowing at a rate of 0.6 mL/min.  The column oven was set to 30 °C.  Total organic 

carbon (TOC) measurements were performed with a Shimadzu
©

 TOC-VCPH Analyzer.  

Calibrations were performed with carbon standards supplied by SpectroPure.  

 

3.3. Results 

3.3.1. Characterization of solid acid catalysts  

 The solid acid catalysts were characterized both in the gaseous and aqueous phase.  The 

characterization data appear in Table 4 in descending order of Brønsted to Lewis acid site ratio.  

Adsorption experiments were performed with both xylose and furfural as adsorbates at room 

temperature in the aqueous phase.  Xylose did not adsorb on any of the catalysts at room 

temperature.  Furfural adsorption uptakes were found to be similar for all of the catalysts with 

the exception of HY which had an uptake of up to 7 times the amount of the other catalysts on a 

per gram basis.  This result is higher than that reported by Tsapatsis and co-workers for furfural 

adsorption on faujasite zeolite (Si/Al = 30).
124

  Additional desorption experiments with HY 

showed that only 27% of the adsorbed furfural on the catalyst desorbed back into the aqueous 

phase. 
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 The number of acid sites calculated from the aqueous phase titration was different than 

those calculated by ammonia-TPD.  The aqueous phase method showed an increased number of 

acid sites compared to the number of acid sites obtained with the gaseous sorption technique.  

This could be due to the adsorption of sodium hydroxide (titrant) on inactive sites, as well as on 

the active acid sites of the catalysts throughout the titration process.
119

  Even so, the 

concentration of acid sites measured by aqueous phase titration increased with the ratio of 

Brønsted to Lewis acid sites determined by ammonia FTIR spectroscopy in the gas phase. 

 The acid concentrations obtained from the aqueous (titration) and gaseous techniques 

(NH3-TPD) were not comparable to each other.  With the exception of γ-Al2O3, the results 

obtained from aqueous phase titration are higher than those from the gas phase sorption 

technique.  Several studies have been reported on titration techniques, with some stating that 

aqueous phase titration solely quantifies Brønsted sites.
131, 145

  To validate these claims, we 

carried out additional titration experiments at constant Brønsted sites (according to NH3-TPD).  

Similarly, we also performed titrations while keeping the total number of acid sites constant 

(according to NH3-TPD).  Arbitrary and inconsistent results on both attempts raise doubts about 

the validity of this aqueous phase characterization technique (refer to Table A.1 in the 

Appendix).  Similar conclusions have been previously reported.
120, 121, 131
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Table 4. Characterization of solid acid catalysts.
b
  

 Gas Phase Characterization 
Aqueous Phase 

Characterization 

Furfural 

Adsorption 

Catalyst 

BET Surface 

Area 

(m
2
 g

-1
) 

Micropore 

Volume 

(cm
3
 g

-1
) 

Brønsted 

: Lewis 

ratio 

Total acid 

sites 

(mmol g
-1

) 

Brønsted 

sites 

(mmol g
-1

) 

Acid sites 

(mmol g
-1

) 

Uptake 

(g g
-1

) 

ZrP 168 0 27.00 1.413 1.362 4.250 0.07 

SiO2-Al2O3 585 0 3.78 0.432 0.342 1.450 0.06 

HY 303 
a
 0.028 1.50 0.520 0.312 1.047 0.30 

WOX/ZrO2 149 0 0.74 0.324 0.138 0.875 0.05 

γ-Al2O3 262 0 0.67 0.428 0.171 0.124 0.04 

a
 Estimated using microporous subtraction method.  BET “C” constant is 68. 

b 
 Reprinted from ref.

140
, Copyright(2011), with permission from Elsevier.

 

 

 

3.3.2. Xylose dehydration and furfural degradation  

 Xylose dehydration was studied with the different solid acid catalysts in the aqueous 

phase at 160 °C with the total acid sites held constant at 0.500 mmoles (according to NH3-TPD).  

Figure 11 depicts xylose conversion as a function of reaction time for the various catalysts.  The 

catalytic activity was found not to be a function of the total number of acid sites as measured by 

NH3-TPD.  However, the catalysts with the highest number of Lewis acid sites were found to be 

the most active.  On a per site basis, the catalytic activity decreased as follows:  γ-Al2O3 ~ 

WOX/ZrO2 > SiO2-Al2O3 ~ HY > ZrP ~ HCl.  Increasing the relative number of Brønsted to 

Lewis acid sites decreased the catalytic activity. 
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Figure 11. Aqueous phase xylose dehydration at 160 °C with different solid acid catalysts.  Total 

acid sites were kept constant at 0.500 mmoles (determined by NH3-TPD).  Feed was 10 wt% 

xylose aqueous solution.  Catalysts: HCl (), ZrP (), SiO2-Al2O3 (), HY (), WOX/ZrO2 

(), γ-Al2O3 ().  Reprinted from ref.
140

, Copyright(2011), with permission from Elsevier. 

 

 

 The furfural selectivity as a function of conversion is shown in Figure 12.  The furfural 

selectivity decreased as follows:  ZrP ~ HCl >> SiO2-Al2O3 > WOX/ZrO2 > HY > γ-Al2O3.  This 

follows the opposite trend compared to catalyst activity.  Thus, the catalysts that are most active 

demonstrate the lowest selectivity for furfural production.  The ZrP and HCl catalysts have 

significantly higher furfural selectivities than the other four catalysts.  The furfural selectivity 

increases with xylose conversion for the other four catalysts.  These experiments show that the 

furfural selectivity is dependent on the type of acid catalyst site. 

 Additional stability studies with ZrP, SiO2-Al2O3 and WOX/ZrO2 have shown that the 

catalysts retain their total acid concentrations after exposure to water at 160 °C (refer to Table 
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A.2 in the Appendix).  This was confirmed by NH3-TPD following filtration and recalcination of 

the catalysts.   Further testing was performed on ZrP which consisted of mixing ZrP in DI water 

for 1.5 h at 160 °C, followed by hot filtration to separate the catalyst.  Xylose was then added to 

the filtrate to produce an aqueous solution of 10 wt% xylose.  We then proceeded to dehydrate 

the xylose in a blank experiment (no additional catalyst).   A comparable blank study was also 

carried out for an aqueous solution of 10 wt% xylose consisting of clean DI water.  Results from 

both experiments were practically identical, indicating that that the acid sites on ZrP do not leach 

in aqueous media.  This agrees with conclusions made by Li et al. who found ZrP to be stable in 

aqueous media at high temperatures (245 °C).
146

  They found that for aqueous-phase 

hydrodeoxygenation of sorbitol no deactivation occurred for Pt/ZrP after 200 h time-on stream.  

ICP studies confirmed that no leaching occurred.  
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Figure 12. Furfural selectivity as a function of xylose conversion for different solid acid 

catalysts at 160 °C.  Total acid sites were kept constant at 0.500 mmoles (determined by NH3-

TPD).  Feed was 10 wt% xylose aqueous solution.  Catalysts: HCl (), ZrP (), SiO2-Al2O3 

(), HY (), WOX/ZrO2 (), γ-Al2O3 ().  Reprinted from ref.
140

, Copyright(2011), with 

permission from Elsevier. 

 

 Furfural itself can undergo degradation reactions to form humins.
90

  Separate experiments 

were performed with furfural as the feedstock (1.5 wt%) to study the effect of the catalysts on 

furfural degradation as shown in Figure 13.  Reactions took place at 160 °C with total acid sites 

held constant at 0.500 mmoles (according to NH3-TPD).  In these experiments furfural was 

converted into a water insoluble humin phase that could not be detected by HPLC analysis.  The 

catalyst activity was determined by measuring the residual amount of furfural in the aqueous 

phase.  TOC measurements were performed to predict the overall carbon balance and results 

showed that we can account for all of the carbon.  Formic acid was also detected as a minor by-
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product of this reaction.  Williams and Dunlop suggested that the presence of formic acid is a 

result of hydrolytic fission of the furfural aldehyde group.
69, 91

 

 Furfural degradation (disappearance) was found to be fairly independent of the catalyst 

used, with the exception of HY which had a significantly higher rate of furfural disappearance.  

This concurs with the HY adsorption/desorption data which showed a relatively high uptake of 

furfural.  Further reactions with furfural as the feedstock and HY at various mixing rates 

confirmed that the reaction with this catalyst was not limited by external mass transfer. 

 HY behaves differently from the other catalysts as it has a microporous structure (see 

Table 4).  Furfural irreversibly adsorbs in the HY pores and polymerizes to form humic 

substances.  With that being said, Gürbüz et al. showed high yields of furfural (ca. 80%) from 

hemicellulose in the presence of H-Mordenite in GVL/water mixtures.
104

  It is reasonable to 

believe that these conflicting results are as a result of differences in the pore dimensionality of 

HY and H-Mordenite.  The former has a three-dimensional channel structure, whereas the latter 

is considered to be one-dimensional.
147

 

 Overall, these experiments show that the furfural degradation is a function of the amount 

of acid sites on the catalyst surface.  Humins can also form from reactions between xylose and 

furfural, which we have previously shown to be the dominant pathway for humin formation for 

the aqueous phase  dehydration of xylose with HCl.
90
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Figure 13. Furfural degradation (disappearance) with different acid catalysts at 160 °C.  Total 

acid sites were kept constant at 0.500 mmoles (determined by NH3-TPD).  Feed was 1.5 wt% 

furfural aqueous solution.  Catalysts: HCl (), ZrP (), SiO2-Al2O3 (), HY (), WOX/ZrO2 

(), γ-Al2O3 ().  Reprinted from ref.
140

, Copyright(2011), with permission from Elsevier. 

 

 

3.3.3. Dehydration reactions with homogeneous Brønsted and Lewis acids  

 Water-soluble Brønsted and Lewis acids were used for xylose dehydration reactions in 

the aqueous phase.  Hydrochloric acid and ytterbium (III) trifluoromethanesulfonate hydrate, 

Yb(OTf)3, were used respectively.  The latter is considered a stable water-soluble Lewis acid.
125, 

148
  Reactions were performed at varying Brønsted to Lewis ratios by combining the two acids 

accordingly, while holding the total amount of acid constant at 0.500 mmoles.  Figure 14 shows 

the conversion of xylose for the different ratios of catalysts.  The pure Yb(OTf)3 catalyst had the 

highest activity for xylose disappearance while the pure HCl showed the lowest activity.  A 
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mixture of Yb(OTf)3 and HCl had a moderate catalyst activity.  This result indicates that the 

Lewis acid sites have a higher catalytic activity towards xylose disappearance compared to the 

Brønsted acid sites, which is consistent with the results from the heterogeneous catalysts.   

The furfural selectivity as a function of conversion is shown in Figure 15.  HCl has a 

significantly higher furfural selectivity compared to Yb(OTf)3.  This signifies that the nature of 

the acid site can significantly affect the furfural selectivity, with Brønsted acid sites being more 

selective towards furfural production than Lewis acid sites.  Again, these results are consistent 

with those of the heterogeneous catalysts. 

 

Figure 14. Effect of Brønsted to Lewis acid ratio on xylose conversion in a homogeneous regime 

at 160 °C.  Total acid sites were kept constant at 0.500 mmoles.  Feed was 10 wt% xylose 

aqueous solution.  Brønsted : Lewis ratio = 1:0 (), 1:1 (), 0:1 ().  Reprinted from ref.
140

, 

Copyright(2011), with permission from Elsevier. 
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Figure 15. Effect of Brønsted to Lewis acid ratio on furfural selectivity from xylose in a 

homogeneous regime at 160 °C.  Total acid sites were kept constant at 0.500 mmoles.  Feed was 

10 wt% xylose aqueous solution.  Brønsted : Lewis ratio = 1:0 (), 1:1 (), 0:1 ().  Reprinted 

from ref.
140

, Copyright(2011), with permission from Elsevier. 

 

  

 Additional studies were performed at lower temperatures using a feedstock comprised of 

a mixture of xylose and furfural.  Reactions were carried out with HCl and Yb(OTf)3 separately.  

A 1:1 molar ratio of xylose and furfural was used with the total number of acid sites held 

constant at 0.750 mmoles.  The results appear in Table 5. 
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Table 5. Results from dehydration reactions with homogeneous acid catalysts at 88 °C.  Feeds 

were 3 wt% xylose, 2 wt% furfural or a mixture of the both (1:1 molar ratio).  Total acid sites 

were kept constant at 0.750 mmoles.  Reaction time was 90 min.
a
 

Catalyst Feedstock 
Xylose 

conversion (%) 

Furfural 

conversion (%) 

Furfural 

yield (%) 

Humins 

yield (%) 

HCl 

xylose 5.7 - 0.4 5.3 

furfural - 11.4 - 10.4 

xylose + furfural 4.9 6.6 - 5.3 

 

Yb(OTf)3 

xylose 28.5 - 0.5 27.5 

furfural - 7.4 - 7.4 

xylose + furfural 27.1 13.9 - 17.4 
a
 Reprinted from ref.

140
, Copyright(2011), with permission from Elsevier. 

   

 

The results obtained with HCl coincide with the reaction scheme in Figure 8.  Reaction 1 

(xylose dehydration) did not occur at the low reaction temperature due to its relatively high 

activation energy compared to Reactions 2 and 3.  The latter reactions were suppressed as a 

result of the negligible amounts of furfural present.  This is confirmed by the negligible xylose 

conversion and furfural yield.  A similar outcome was attained with a feedstock composed of 

xylose and furfural. 

 Reactions with the homogeneous Lewis acid catalyst Yb(OTf)3 resulted in relatively high 

xylose conversions and humins yields.  The low reaction temperature and negligible furfural 

yield reduce the likelihood that this was due to xylose dehydration to produce furfural (Reaction 

1).  Rather, this was due to a new reaction pathway with xylose reacting with itself to produce 

humins. 
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3.3.4. Furfural production with ion resin catalysts 

  Xylose dehydration reactions were performed with acidic ion-exchange polymer resins to 

show the significance of Brønsted acid sites on furfural selectivity.  Resins such as Nafion and 

Amberlyst have been shown to be effective catalysts for a wide range of acid-catalyzed 

reactions.
138, 149

  Dumesic and co-workers used Nafion SAC-13 and Amberlyst 70 in part to 

produce liquid hydrocarbon transportation fuels.  The catalysts were found to be particularly 

active for the dehydration of 5-nonanol to form nonenes with subsequent oligomerization to form 

C9-derived alkenes.
150

  This is primarily due to their relatively high concentrations of Brønsted 

acid sites.  Likewise, Amberlyst 70 was found to be highly active and selective for butene 

oligomerization to form condensable alkenes.
59

  A general overview of solid acid catalysis using 

ion-exchange resins is given by Harmer and Sun.
151

  The characterization data for the ion resins 

appear in Table 6. 

 

Table 6. Characterization of acidic ion-exchange polymer resins.
c
  

 Gas Phase Characterization 
Aqueous Phase 

Characterization 

Furfural 

Adsorption 

Catalyst 

BET Surface 

Area 

(m
2
 g

-1
) 

Micropore 

Volume 

(cm
3
 g

-1
) 

Brønsted 

: Lewis 

ratio 

Total acid 

sites 

(mmol g
-1

) 

Brønsted 

sites 

(mmol g
-1

) 

Acid sites 

(mmol g
-1

) 

Uptake 

(g g
-1

) 

Nafion 

SAC-13 
231 0 ∞ 

b
 0.140 

a
 0.140 0.881 0.10 

Amberlyst 

70 
0.32 0 ∞ 2.860 

a 
2.860 3.176 0.13 

a
 Data provided by manufacturer. 

b
 FTIR spectroscopic analysis detected weak Lewis acid sites originating from the silica matrix.

144
  These sites were 

inactive in xylose dehydration. 
c 
 Reprinted from ref.

140
, Copyright(2011), with permission from Elsevier.
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Xylose conversion was measured as a function of time for Nafion SAC-13, Amberlyst 

70, ZrP and HCl as shown in Figure 16.  The catalytic activity of ZrP was found to be the highest 

compared to the ion resins and HCl.  This coincides with our previous results which found 

catalyst activity to increase with the concentration of Lewis acid sites.  The ion resins and HCl 

contain only Brønsted acid sites, whereas ZrP contains Lewis sites as well.  Nafion SAC-13 

showed lower xylose conversions than Amberlyst 70 and HCl.  We believe that this is due to 

mass transfer limitations in the reactor due to inadequate mixing of the catalyst.  Figure 17 

compares the furfural selectivities as a function of xylose conversion for Nafion SAC-13, 

Amberlyst 70, ZrP and HCl.  The results were found to be comparable for all of the catalysts. 

 

Figure 16. Xylose conversion as a function of time for different solid acid catalysts at 160 °C.  

Total acid sites were kept constant at 0.150 mmoles (data determined by NH3-TPD or taken from 

manufacturer).  Feed was 3 wt% xylose aqueous solution.  Catalysts: HCl (), ZrP (), 

Amberlyst 70 (), Nafion SAC-13 ().  Reprinted from ref.
140

, Copyright(2011), with 

permission from Elsevier. 
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Figure 17. Furfural selectivity as a function of xylose conversion for different solid acid 

catalysts at 160 °C.  Total acid sites were kept constant at 0.150 mmoles (data determined by 

NH3-TPD or taken from manufacturer).  Feed was 3 wt% xylose aqueous solution.  Catalysts: 

HCl (), ZrP (), Amberlyst 70 (), Nafion SAC-13 ().  Reprinted from ref.
140

, 

Copyright(2011), with permission from Elsevier. 
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3.4. Discussion 

 The reaction chemistry for furfural production is comprised of three key reactions (refer 

to Figure 8).  Xylose undergoes dehydration to lose three water molecules and produce furfural 

(Reaction 1); xylose reacts with furfural to produce humins (Reaction 2), and furfural undergoes 

a mono-degradation reaction to produce humins (Reaction 3).  We have demonstrated here that 

Lewis and Brønsted sites share different functions as related to our proposed reaction scheme for 

xylose dehydration.  Our studies show that both types of acid sites catalyze the dehydration of 

xylose to produce furfural (Reaction 1).  Similarly, furfural decomposes on both Brønsted and 

Lewis sites to form humins (Reaction 3).  Reaction 2, on the other hand, is predominantly 

catalyzed by Lewis sites.  Consequently, a higher rate of xylose disappearance and lower furfural 

selectivity are observed for catalysts with increased Lewis sites.  We have also showed that 

Lewis sites catalyze xylose mono-decomposition at lower temperatures.  This reaction pathway 

could potentially be significant at higher temperatures as well. 

 Similar conclusions have been deduced by Song-Hai et al. in their study of acrolein 

production by gas-phase dehydration of glycerol with solid acid catalysts.
152

  They found 

Brønsted acid sites to be advantageous over Lewis acid sites in selectively producing acrolein.  

They did not attempt to explain the cause of the undesired degradation reactions leading to lower 

acrolein selectivity.  Likewise, in their study of furfural formation by acid hydrolysis of rice-

hulls, Islam et al. found the addition of metal chlorides (Lewis acids) to have a negative effect on 

the furfural yield.
153

  In regard to furfural, it has been suggested that the formation of black 

resinous products, i.e. humins, is a result of the furfural furan ring as well as the aldehyde group 

participating in polymerization reactions.
154

  Accordingly, given the favorable conditions, Lewis 
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acids can form stable adducts with furfural which can possibly lead to the further formation of 

highly complex structures. 

 Initial reaction rates were deduced from the experimental plots of concentrations versus 

time using OriginPro
®
 7.5 software.  The relative reaction rates for humin formation by furfural 

degradation (Reaction 3) and humin formation by reaction of furfural with xylose (Reaction 2) 

are shown in Table 7.  For this purpose humins were considered all non-detectable soluble and 

insoluble compounds.  These reaction rates are reported in reference to Reaction 1, which is 

furfural production.  The relative rate of Reaction 2 increases with the concentration of Lewis 

acid sites.   The relative rate of Reaction 3 is similar for all catalysts except for the HY and 

WOX/ZrO2.  The high relative rate of Reaction 3 observed for HY, as depicted in Table 7, 

confirms that induced degradation reactions occur due to the irreversible adsorption of furfural in 

the catalyst pores.  This concurs with previous conclusions made by Lourvanij et al. in their 

studies of glucose dehydration to oxygenated hydrocarbons with microporous materials.
155-157

  

They claim that microporous catalysts such as HY-zeolite induce molecular sieving reactions 

within the pores to promote the formation of coke.  In comparison, they showed that a 

considerable less amount of decomposition reactions occurred with mesoporous MCM catalysts.  
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Table 7. Relative reaction rates calculated in accordance with xylose dehydration scheme.
b
 

  Relative Rates 

Catalyst Fraction of Brønsted acid sites rate2 / rate1 
a
 rate3 / rate1 

a
 

HCl 1.00 7.52 39.02 

ZrP 0.96 3.73 46.94 

SiO2-Al2O3 0.79 20.42 54.12 

HY 0.60 54.05 140.56 

WOX/ZrO2 0.43 25.26 5.71 

γ-Al2O3 0.40 167.93 20.84 

a
 Reaction 1corresponds to furfural production from xylose; Reaction 2 corresponds to humin formation from 

furfural reacting with xylose; Reaction 3 corresponds to humin formation by furfural degradation. 
b 
 Reprinted from ref.

140
, Copyright(2011), with permission from Elsevier.  

 

 

Figure 18 shows the furfural selectivity as a function of the fraction of Brønsted acid sites 

for the heterogeneous and homogeneous catalysts tested in this study.  These results clearly show 

that the furfural selectivity is a function of the Brønsted to Lewis acid site ratio as measured by 

the gas phase characterization.   Thus, solid acid catalysts with high Brønsted to Lewis acid site 

ratios are necessary in order to obtain high furfural selectivities.  A low concentration of Lewis 

acid sites minimizes the undesirable formation of humins via Reaction 2.  Furthermore, 

dehydration reactions with acidic ion-exchange polymer resins show comparable furfural 

selectivities with ZrP and HCl.  Similarly, Dias et al. showed that furfural can be produced from 

xylose at high selectivities (70%) and conversions (90%) with Amberlyst 15.
97

  These results 

confirm that furfural selectivity is a direct function of the Brønsted acid sites concentration and 

not necessarily the nature of the acid sites. 
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Figure 18. Furfural selectivity as a function of the fraction of Brønsted acid sites at 20% xylose 

conversion and 160 °C.  Total acid sites were kept constant at 0.500 mmoles.  Feed was 10 wt% 

xylose aqueous solution.  Reprinted from ref.
140

, Copyright(2011), with permission from 

Elsevier. 
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CHAPTER 4 

Conclusions and Future work (I) 
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4.1. Conclusions  

  In Chapter 2 we developed a kinetic model for the dehydration of xylose in a biphasic 

reaction system using microwave heating and hydrochloric acid.  Microwave heating shows 

no prominent effect on the dehydration chemistry with homogeneous acid catalysts and 

therefore it is likely that our model can also be valid for conventional heating.  Our kinetic 

model involves three reactions and a phase equilibrium relationship.  The kinetic steps 

consist of (1) xylose dehydration to form furfural, (2) formation of degradation products via 

reaction of xylose with furfural, and (3) furfural degradation.  In a two-phase system, the 

furfural is extracted into the organic phase.  The proposed kinetic model is consistent with 

the experimental data and can be used for both mono and biphasic systems. 

 The biphasic system does not alter the fundamental kinetics of its monophase analogue.  

The only role of the second phase is to extract the furfural.  We have demonstrated that a two-

phase system is favorable with the calculated product yield being more than twofold of that 

obtained in the single aqueous phase system.  The apparent rate parameters derived from our 

kinetic model can be used to recognize the optimal conditions to achieve maximum furfural yield 

in this system.  Accordingly, the apparent activation energy for xylose dehydration is higher 

(almost by two-fold) than the apparent activation energy for the degradation reactions.  Thus, the 

maximum yields are obtained in a biphasic system, at high temperature, and short reaction times.  

Furfural yields of over 80% should be achieved in this type of system which is significantly 

higher than industrially obtained furfural yields of 40-50%.
73

 

 Chapter 3 discusses our work on the design of solid acid catalysts for aqueous phase 

dehydration of carbohydrates.  Xylose dehydration to furfural was used as a model reaction.  The 

catalytic activity of the various solid acid catalysts for xylose dehydration in the aqueous phase is 
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not a function of the total number of acid sites as measured by NH3 adsorption.  Increasing the 

relative number of Brønsted to Lewis acid sites decreases the catalytic activity.  On a per site 

basis, γ-Al2O3 shows the highest activity, whereas ZrP and HCl demonstrate the lowest.  Furfural 

selectivity follows the opposite trend with ZrP and HCl having considerably higher furfural 

selectivities than the other four catalysts.  This finding confirms that furfural selectivity is 

dependent on the type of acid catalyst site.  This has been confirmed with both heterogeneous 

and homogeneous acids (i.e. hydrochloric acid and ytterbium triflate). 

 The function of Lewis and Brønsted acid sites has been established in reference to the 

kinetic model that we developed for xylose dehydration.  Lewis and Brønsted sites are 

responsible for catalyzing the dehydration reaction of xylose to form furfural (Reaction 1), as 

well as the degradation of furfural to form humins (Reaction 3).  Lewis sites are principally 

accountable for the decrease in furfural selectivity due to the reaction between xylose and 

furfural to form humins (Reaction 2).  Lewis sites can also potentially decrease the furfural 

selectivity by catalyzing the mono-decomposition of xylose to form humic compounds. 

 Furfural selectivity increases with an increase in the Brønsted to Lewis acid site ratio of 

the catalyst.  Catalysts with high Brønsted to Lewis acid site ratios, such as ZrP, show 

selectivities as much as 30 times higher than catalysts with increased Lewis acid sites at 20% 

xylose conversion.  These results are comparable with those obtained from dehydration reactions 

with acidic ion-exchange polymer resins and HCl.  Additionally, ZrP shows viable promise for 

dehydration reactions due to its catalytic stability in the aqueous phase at high temperatures.   
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4.2. Future work  

  In our kinetic model we encountered an inconsistency with the experimental data at 

elevated temperatures for the two-phase system.  The experimental data show an unpredicted 

increase in xylose decomposition, as well as an increased presence of furfural in the organic 

phase, as shown in Figure 9.  This raises the question: Why does our model fall apart at 

elevated temperatures in a biphasic system?  Hence, a modified kinetic model is necessary to 

accurately represent the biphasic system at higher temperatures.  An additional kinetic 

term(s) which is prominent at higher temperatures is required to explain this behavior.  One 

of the simplest, for instance, would be an additional term that depicts the decomposition of 

xylose to produce furfural directly in the organic phase.  This would explain the observed 

rate increase of xylose decomposition and the elevated furfural concentration in the organic 

layer.  However, this concept is difficult to realize for xylose is not found in the upper phase 

under these reaction conditions.  Nonetheless, it would be reasonable to conceive that this 

term describes the chemistry that occurs in the interfacial region between the aqueous and 

organic phase. 

  For clarification purposes, a comparable term was indeed proposed to the existing 

kinetic model and the revised version showed to be consistent with the experimental data at 

all temperatures.  The activation energy for this additional theoretical term was found to be 

threefold of    
.  Hence, this high energy barrier step becomes relevant only at higher 

temperatures.  Pressure limitations in the reaction vessel prohibited further s tudies at 

elevated temperatures to attempt to validate this hypothesis.  In fact, Vlachos and co-workers 

have proposed a method to produce furfural from xylose at relatively mild conditions (100-
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145 °C) using a cascade of reactions, wherein xylose is first isomerized to xylulose and 

lyxose with a Lewis acid followed dehydration to furfural with a Brønsted acid.
158, 159

  They 

were able to achieve furfural yields of up to 76% in a biphasic system with toluene as the 

extracting phase in combination with CrCl3 (Lewis acid) and HCl (Brønsted acid).
160

    

  In our kinetic model study we also realized that equilibrium between furfural in the 

organic and aqueous phase is not sustained throughout the reaction.  The mass transfer 

between the phases is limiting in our system compared to furfural formation.  As the reaction 

proceeds and the rate of furfural formation decreases, the relative rate of mass transfer 

consequently intensifies and the system approaches phase equilibrium.  Xing et al. used a 

continuous two zone biphasic reactor to produce furfural from waste aqueous hemicellulose 

solutions.
161

  Furfural was continuously extracted from the aqueous phase to an immiscible 

organic layer during the reaction.  They report partition coefficients which are predominantly 

higher than the value of 7.1 which we report in our system.  This indicates that reactor design 

is critical in obtaining high yields of furfural.  Consequently, a model to account for the 

hydrodynamics will be important as the process is scaled-up.  Román-Leshkov et al. have 

shown that the use of phase modifiers can enhance the partitioning of furan derivatives (i.e. 

furfural and HMF) into the extracting phase.
29, 33

  Further studies with different reactor 

configurations and perhaps phase modifiers would be essential to improve the rate of furfural 

extraction to the organic phase in these types of biphasic systems. 

 We determined the concentration of both Brønsted and Lewis acid sites of these catalysts 

with gas phase techniques and compared the results with those obtained with a titration technique 

in the aqueous phase.  For four out of the five catalysts tested, the titration studies resulted in 
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higher acid concentrations compared to the gas phase technique.  These inconsistent results raise 

questions about the reliability of the aqueous phase titration to measure acid sites.  Moreover, 

Shanks and co-workers have found that the conditions under which aqueous phase titrations are 

performed can have a significant effect on the measured values.
162

 

 The consistent data that we have obtained from dehydration reactions in aqueous 

solutions with the solid acid catalysts suggest that gas phase characterization of acid sites can be 

used to predict catalytic activity in the aqueous phase.  Even so, as the field of aqueous phase 

biomass conversion continues to advance, it will be imperative to further study how acid 

catalysts are affected by water under hydrothermal conditions. 

 On another note, it is also notable to mention that all of the reactions that we performed 

in Chapter 3 were carried out by way of microwave heating.  As mentioned in Chapter 2, when 

HCl was used as a catalyst no differences in the rate of xylose conversion or furfural selectivity 

were observed with microwave and conventional heating.  However, when ZrP was used as a 

catalyst the rate of xylose conversion with microwave heating was between 1.92-3.32 times that 

of conventional heating depending on reaction time (refer to Figure A.21 in the Appendix).  

Conventional reactions took place in a Parr reactor and identical heating rates were employed for 

all reactions in this comparison.  The furfural selectivity was slightly higher for microwave 

heating than conventional heating with the ZrP catalyst (refer to Figure A.22 in the Appendix).  

Our current findings agree with those reported by Qi et al. who showed enhanced production of 

5-hydroxymethylfurfural (HMF) from fructose and glucose due to microwave irradiation.
81

  

Accordingly, it has been emphasized that microwave absorption at the solid interface can 
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advantageously influence the overall reaction kinetics.
94

  Further studies are necessary to fully 

understand the enhanced microwave effects reported for systems with heterogeneous catalysts. 

 Overall, there are still many unanswered questions pertaining to the behavior of solid acid 

catalysts in liquid phase systems.  Some of the key fundamental questions include: 

 How do we design solid acid catalysts with more Brønsted acid sites? 

 What makes a solid acid catalyst hydrothermally stable? 

 Is catalytic activity in the gas-phase analogous to that observed in the liquid phase (effect of 

solvation)? 

 What are the differences in the reaction mechanism with homogeneous and heterogeneous 

acids? 

 What are the reaction intermediates and why can’t we detect them? 

 What is the fundamental chemistry for humins formation and what are the determining factors 

that influence the chemistry (i.e. feedstock and solvent)?    
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SECTION II: AQUEOUS PHASE LEVULINIC ACID STUDIES 
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CHAPTER 5 

Levulinic acid kinetics and reaction engineering 
 

 

 

The contents in this chapter are adapted from the following reference, Copyright (2012), with permission from John 

Wiley and Sons: 

Weingarten, R.; Cho, J.; Xing, R.; Conner, W. C.; Huber, G. W., Kinetics and Reaction Engineering of Levulinic 

Acid Production from Aqueous Glucose Solutions. Chemsuschem 2012, 5 (7), 1280-1290. 

 

 

 

 

  



70 

 

  

5.1. Background 

 The purpose of this study was to develop a kinetic model for the conversion of glucose to 

levulinic acid in aqueous media with HCl by fitting kinetic data collected in a batch reactor, a 

plug flow reactor (PFR) and a continuously stirred-tank reactor (CSTR).  The kinetic model 

consists of four key steps: (1) glucose dehydration to form 5-hydroxymethylfurfural (HMF); (2) 

glucose reversion/degradation reactions to produce humins; (3) HMF rehydration to form 

levulinic acid and formic acid, and (4) HMF degradation to form humins.   

 Levulinic acid is currently not produced in commercial quantities.  This is due to a 

number of impeding factors which include high cost of raw material, complex conversion routes, 

energy intensive downstream processing, high operating costs due to the use of homogeneous 

acid catalysts and low selectivity.
68

  HMF rehydration is fairly selective to levulinic acid and 

form acid, thus the bottleneck in the production of levulinic acid from carbohydrates lies in the 

dehydration step to produce HMF from hexose sugars.  The apparent rate parameters derived in 

this model will be used to predict the optimal operating conditions for HMF and levulinic acid 

production from glucose.  This model also predicts the optimal reactor design in a continuous 

reactor system, which is instrumental from a process perspective.    

 One current process for production of levulinic acid was developed by Biofine 

Incorporated (presently Biofine Renewables).   The Biofine process claims to produce levulinic 

acid at yields higher than 70% of the theoretical (58% carbon yield), based on the hexose content 

of the cellulosic feedstock, in a two-reactor system.
163, 164

  The carbohydrate-containing 

feedstock is initially hydrolyzed in the first reactor (PFR) at 210-230 °C for 13-25 seconds in the 

presence of 1-5 wt% sulfuric acid.  The product, HMF, is then continuously removed and 
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supplied to a second reactor (CSTR) where it is further hydrolyzed at 195-215 °C for 15-30 

minutes to produce levulinic acid.  The production of 1 ton of levulinic acid from cellulose, 

assuming a theoretical yield of 76% and a 3.5 wt% acid concentration, requires 3.5 tons of 

sulfuric acid.  A schematic of the Biofine process appears in Figure 19. 

 

Figure 19. The Biofine process. Reprinted from ref.
52

, Copyright(2000), with permission from 

Elsevier. 

 

 Vast interest in levulinic acid applications has lead to numerous kinetic studies on the 

decomposition of carbohydrates to produce HMF and levulinic acid.  Some studies have also 

incorporated a hydrolysis step into their models to produce glucose from cellulose or woody 

biomass.  The formation of humins has been reported in the literature since the early stages of 

this research.
165-167

  It has also been postulated that discoloration of sugar solutions is attributed 

to the polymerization of HMF to yield colored products of varying degrees of solubility.
168

  

Nonetheless, early kinetic studies only obtained kinetic parameters for the dehydration and 

Pretreatment

Reactor 
1

Reactor 
2

Furfural 
purification

Furfural

Levulinic acid 
purification

Levulinic acid 
conversion

Levulinic acid 
derivatives

Formic 
acid

Combustible 
wastes

Cellulosic biomass 
feedstock

steam

Sulfuric acid



72 

 

  

rehydration steps leading to levulinic acid.  More recent kinetic studies have incorporated 

undesired byproduct formation steps to enhance the accuracy of their models.
169-174

   

 

5.2. Experimental 

5.2.1. Reaction kinetics measurements 

 Batch reactions were carried out in a 100 mL reactor vessel provided by Parr Instrument 

Company, series 4560.  The feedstock solutions were prepared with DI water at the specified 

concentrations.  Acidic solutions were prepared with hydrochloric acid (Fisher Scientific).  

Glucose was provided by Fisher Scientific.  HMF (99%) was provided by Sigma Aldrich.  

Levulinic acid (98%) and formic acid (98%) were provided by Acros Organics.  Temperatures in 

the reactor were measured by a thermocouple in the solution.  All reaction solutions were mixed 

at a maximum constant rate of 600 rpm using an internal stirrer.  The temperature and stirring 

were controlled by a 4848 Controller provided by Parr.  The reaction vessel was initially 

pressurized to 800 psi with industrial grade helium (Airgas).  Samples were taken periodically by 

way of a sampling port.  The samples were immediately quenched in an ice water bath and 

filtered with a 0.2 μm syringe filter prior to analysis.  The reactor was repressurized with helium 

after each sampling.   

 Continuous reactions were carried out in both a PFR and a CSTR.  The PFR reactor was 

made with a stainless steel tube of 0.25 inch O.D.  A Varian HPLC pump (Prostar 210) was used 

to introduce the feedstock into the reactor at flow rates ranging from 0.065-1.293 mL/min.  The 

reactor was heated by a heating tape (McMaster-Carr) and insulation tape was used to minimize 
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heat losses.  A thermocouple was placed adjacent to the reactor wall to measure the temperature 

and connected to a temperature controller.  The reactor system was initially pressurized to 600 

psi with UHP grade helium (Airgas).  Liquid products were recovered in a sample vessel at room 

temperature.  The samples were filtered with a 0.2 μm syringe filter prior to analysis. 

 The CSTR with a 100 mL reactor vessel was modified from a Parr batch reactor, 

allowing continuous liquid flow in and out of the reactor.  A Varian HPLC pump (Prostar 210) 

was used to introduce the feedstock into the reactor through a port on the reactor cap.  The flow 

rates ranged from 0.300-2.400 mL/min.  A dip tube was used as the outlet of the reactor.  The 

temperature and stirring were controlled as described for the batch reactions.  The reaction vessel 

was initially pressurized to 800 psi with industrial grade helium (Airgas).  A back pressure 

regulator was used to monitor the pressure of the system.  Liquid products were recovered in a 

sample vessel at room temperature.  The samples were filtered with a 0.2 μm syringe filter prior 

to analysis. 

5.2.2. Analysis 

 Samples were analyzed by high pressure liquid chromatography (HPLC) with a 

Shimadzu
©

 LC-20AT.  Carbohydrates were detected with a RI detector (RID-10A) and products 

were detected with a UV-Vis detector (SPD-20AV) at wavelengths of 210 and 254 nm.  The 

column used was a Biorad
©

 Aminex HPX-87H sugar column.  The mobile phase was 0.005 M 

H2SO4 flowing at a rate of 0.6 mL/min.  The column oven was set to 30 °C.  The total organic 

carbon (TOC) measurements were performed with a Shimadzu
©

 TOC-VCPH Analyzer.  

Calibrations were performed with carbon standards supplied by SpectroPure. 
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5.2.3. Modeling 

 Experimental data were collected and used to compare with the proposed kinetic model 

to estimate rate parameters of the reaction pathways for levulinic acid production from glucose.  

The kinetic model for the overall reaction paths was a set of coupled ordinary differential 

equations (ODEs) and rate constants were correlated by the Arrhenius equation to include 

temperature dependence.  The pre-exponential factors and activation energies were set as 

adjustable parameters to simultaneously correlate a complete set of concentration data for 

reactants and products at different temperatures (120-180 °C).  The sum of absolute errors 

between estimated and observed values was minimized to find the best fit with the observed 

reaction rates of glucose dehydration and levulinic acid formation.  Matlab and Athena Visual 

Studio (v14.0) were used for the numerical integration of ODEs and parameter estimations. 
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5.3. Results 

5.3.1. Kinetic model for HMF rehydration 

 Aqueous-phase HMF rehydration experiments were carried out in a batch reactor at 

temperatures 120-150 °C in acidic media (0.1 M HCl) with an initial concentration of 4 wt% 

HMF.  Similarly, additional experiments were carried out at 130 °C with initial HMF 

concentrations ranging 4-16 wt% to study the effect of both feedstock and water concentration.  

Figure 20 shows that comparable HMF conversions and levulinic acid yields were obtained for 

the range of initial HMF concentrations in the current study. 
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Figure 20. Aqueous-phase acid-catalyzed HMF rehydration in a stirred batch reactor.  Effect of 

initial HMF concentration on (a) HMF conversion; (b) levulinic acid carbon yield and (c) formic 

acid carbon yield at 130 °C and 0.1 M HCl.  [HMF]o (wt%) = 4 (), 8 (), 16 ().  Reprinted 

from ref.
175

, Copyright(2012), with permission from John Wiley and Sons. 
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Scheme 4. Aqueous-phase HMF rehydration. 
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 The reaction scheme for HMF rehydration consists of two irreversible parallel reactions 

of Equations (14) and (15), as shown in Scheme 4.  The first reaction (Eqn. 14) is the rehydration 

of HMF with two molecules of water to produce levulinic acid and formic acid.  The second 

reaction (Eqn. 15) is the degradation of HMF to produce humins.  This proposed reaction scheme 

is consistent with the mechanism proposed by Horvat et al. for levulinic acid formation from 

HMF.
176, 177

  They claimed that the addition of water to the 2, 3-carbon position on HMF resulted 

in undesired polymerization reactions, whereas the 4, 5 addition of water gave way to levulinic 

acid formation via decarboxylation to produce formic acid.  Both reactions fit equations that are 

pseudo first order with respect to HMF.  This is in agreement with previous kinetic studies on 

HMF decomposition.
167, 178

  Furthermore, within our range of concentrations, water is considered 

to be in excess (zero order) in the rehydration step (see Figure 20).  Some kinetic studies have 

also proposed an additional reaction pathway to produce humins from levulinic acid.
173, 174

  

However, our separate studies with equimolar concentrations of levulinic acid and formic acid at 

180 °C with 0.1 M HCl concluded that levulinic acid did not degrade after 120 min.  This is in 

agreement with other studies.
167, 170

   

 All experimental data for HMF rehydration were fit to the proposed kinetic model to 

estimate the rate parameters.  Our model assumed a first order dependence with respect to the 

acid concentration and the activation energies were determined for experiments carried out at a 

constant acid concentration of 0.1 M HCl.  The best correlated values with their standard errors 

appear in Table 8.  The estimated values of the activation energies were assumed to be 

independent of the acid concentration and were used for the remaining of the model fitting.  On 

this note, it has been reported that activation energy can be a function of acid concentration.  
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However, this claim is valid when a reaction is governed by a slow proton transfer step.
179

  It is 

also notable to mention that small amounts of furfural were detected as a by-product of this 

reaction, at less than 0.04% yield.  It has been reported that the formation of furfural from HMF 

proceeds via loss of formaldehyde.
180-183

  Figure 21 shows the experimental data for HMF 

rehydration and levulinic acid production with the fitted model at 0.1 M HCl. 

 

Table 8. Estimated kinetic parameters for aqueous-phase HMF conversion.
c
 

Rate constants 
a
 log10[A (min

-1
)] E (kJ mol

-1
) 

k3 10.31  0.71 
b
 94.72  5.54 

k4 15.69  3.22 141.94  25.72 

Kinetic parameters fit experimental data at: T = 120-150 °C; [HMF]o = 4-16 wt%; [H
+
] = 0.1 M. 

a
 1

st
 order rate parameters are lumped with acid concentration. 

b
 95% confidence interval in parameter estimation. 

c
 Reprinted from ref.

175
, Copyright(2012), with permission from John Wiley and Sons. 
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Figure 21. Aqueous-phase acid-catalyzed HMF rehydration to levulinic acid in a stirred batch 

reactor.  Kinetic model fit for (a) HMF rehydration and (b) levulinic acid formation for 4 wt% 

HMF and 0.1 M HCl.  T (°C) = 120 (), 130 (), 140 (), 150 (); Model prediction (―).  

Reprinted from ref.
175

, Copyright(2012), with permission from John Wiley and Sons. 

 

5.3.2. Kinetic model for glucose dehydration 

 Glucose dehydration experiments were carried out in a batch reactor at temperatures 140-

180 °C in 0.1 M HCl with an initial glucose concentration of 10 wt%.  The overall reaction 

scheme for aqueous-phase levulinic acid production from glucose appears in Figure 22. 
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Figure 22. Overall reaction scheme for the aqueous-phase acid-catalyzed production of levulinic 

acid from glucose.  Reprinted from ref.
175

, Copyright(2012), with permission from John Wiley 

and Sons. 

 

 Glucose undergoes two irreversible parallel reactions which consist of a triple 

dehydration step to produce HMF, or a degradation reaction to form humins.  Both reactions 

have been reported to be pseudo first order with respect to glucose.
171

  This was also confirmed 

with reactions that were carried out at various initial glucose concentrations ranging from 2-20 

wt% at 160 °C in 0.1 M HCl.  Glucose conversions, HMF yields and levulinic acid yields were 

found to be predominantly independent of the initial glucose concentration, as illustrated in 

Figure 23. 
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Figure 23. Aqueous-phase acid-catalyzed glucose dehydration reactions in a stirred batch 

reactor.  Effect of initial glucose concentration on (a) glucose conversion; (b) HMF carbon yield 

and (c) levulinic acid carbon yield at 160 °C and 0.1 M HCl.  [Glucose]o (wt%) = 2 (), 10 (), 

20 ().  Reprinted from ref.
175

, Copyright(2012), with permission from John Wiley and Sons. 
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acid production from glucose.  The experimental data for glucose dehydration, HMF and 

levulinic acid production appear in Figure 24 along with the fitted kinetic model. 

 

Table 9. Estimated kinetic parameters for aqueous-phase glucose conversion.
c
 

Rate constants 
a
 log10[A (min

-1
)] E (kJ mol

-1
) 

k1 17.12  0.62 
b
 160.16  5.15 

k2 3.33  0.29 50.68  2.38 

Kinetic parameters fit experimental data at: T = 140-180 °C; [Glucose]o = 2-20 wt%; [H
+
] = 0.1 M. 

a
 1

st
 order rate parameters are lumped with acid concentration. 

b
 95% confidence interval in parameter estimation. 

c
 Reprinted from ref.

175
, Copyright(2012), with permission from John Wiley and Sons. 

 

 

The overall rate equations for glucose conversion are shown as Equations 16, 17 and 18. 

 
    

  
             (16) 

 

 
  HMF 

  
               HMF  (17) 

 

 
  LA 

  
    HMF  (18) 

 

 As with the HMF rehydration study, the activation energies for glucose dehydration 

(Reactions 1 and 2) were determined for experiments carried out at a constant acid concentration 

of 0.1 M HCl.  Likewise, it was initially assumed that a first order dependence exists with respect 

to the acid concentration. 
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Figure 24. Aqueous-phase acid-catalyzed glucose dehydration in a stirred batch reactor.  Kinetic 

model fit for (a) glucose dehydration, (b) HMF formation and (c) levulinic acid formation for 10 

wt% glucose and 0.1 M HCl.  T (°C) = 140 (), 150 (), 160 (), 170 (), 180 (); Model 

prediction (―).  Reprinted from ref.
175

, Copyright(2012), with permission from John Wiley and 

Sons.  

 

 Glucose can also undergo reversion and epimerization reactions to produce 

oligosaccharides, anhydro sugars and fructose respectively.
166, 171, 184

   The reversion products are 

mainly disaccharides, which are formed by way of a coupling reaction of the anomeric hydroxyl 

group of one glucose molecule with any hydroxyl group of a second molecule.
185

  It has also 
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which the disaccharides react further to form oligosaccharides.
186

  Consequently, the presence of 

cellobiose confirmed the occurrence of reversion reactions in this study.  Levoglucosan (1, 6-

anhydro-β-D-glucopyranose) and fructose were also detected in the reaction samples in 

qualitative amounts.  Fructose was present at less than 0.1% yield.  Previous studies have shown 

that the formation of fructose from glucose in acidic solution proceeds by way of a C2 to C1 

intramolecular hydrogen transfer.
187

  The role of the acid catalyst is to protonate the carbonyl 

oxygen atom to facilitate a hydride shift mechanism.
188

  Similar conclusions were deduced by 

Davis and co-workers in their study of aqueous-phase glucose isomerization to fructose with a 

solid Lewis acid catalyst.
122, 189, 190

 

 Hence, one theory suggests that the formation of HMF from glucose proceeds via 

fructose
185

; and the near nil presence of fructose can be attributed to its high reactivity compared 

to glucose.
187, 191

  Conversely, others claim that glucose can be converted directly to HMF 

through cyclization of a 3-deoxyglucosone intermediate formed from the open-ring form of 

glucose.
192, 193

  In this respect, relatively low conversion of glucose to HMF is caused by its low 

affinity to exist in the open-ring form due to stabilization of the glucose pyranose forms in 

aqueous solution.
194

  Overall, there are two schools of thought with regard to the mechanism of 

HMF formation from C6 carbohydrates.  One theory postulates that the reaction proceeds by way 

of the acyclic 1, 2-enediol intermediate.
187, 195

  The other takes into account a fructofuranosyl 

cyclic intermediate in the formation of HMF from fructose.
192, 196

  Recent computational studies 

have also reported the use of fructofuranosyl intermediates in the formation of levulinic acid and 

HMF from glucose and fructose respectively.
194, 197

  Caratzoulas and Vlachos studied the 

energetics of the acid-catalyzed dehydration of fructose to HMF via the closed-ring 
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mechanism.
198

  They found that the reaction proceeds by way of intramolecular proton and 

hydride transfers.       

 Furfural was also detected as a final by-product of the dehydration reaction from glucose, 

at less than 0.61% yield.  As mentioned previously, it is possible that HMF is the precursor for 

its formation.  However, some have also postulated alternative pathways to produce furfural 

from hexoses via a pentose unit with formaldehyde or formic acid as by-products.
182, 199, 200

  

Incidentally, formic acid can also be produced directly from C6 monosaccharides,
200

 as well as 

from furfural.
69, 91

  Regardless, it is reasonable to assume that formic acid was produced via 

multiple routes, besides the conventional pathway from HMF rehydration.  Accordingly, an 

excess of formic acid was detected throughout the entire study relative to the kinetic model data, 

as depicted in Figure 25.  Consequently, the levulinic acid to formic acid carbon molar ratio was 

lower than its stoichiometric value of 5 in this study.  

 

Figure 25. Aqueous-phase formic acid production from glucose in a stirred batch reactor.  

Comparison between experimental and kinetic model data.  Feed was 10 wt% glucose and 0.1 M 

HCl.  T (°C) = 140 (), 150 (), 160 (), 170 (), 180 (); Model (―).  Reprinted from 

ref.
175

, Copyright(2012), with permission from John Wiley and Sons. 

0 50 100 150 200 250
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

 time (min.)

F
o
rm

ic
 a

c
id

 (
M

)

 

 



86 

 

  

5.3.3. Effect of acid concentration 

 Further glucose dehydration experiments were carried out at acid concentrations with 0.5 

and 1.0 M HCl and temperatures 140-180 °C.  The initial glucose concentration was kept 

constant at 10 wt%.  The kinetic model fits for glucose dehydration at 0.5 M HCl and 1.0 M HCl 

appear in the Appendix (refer to Figures A.1-A.2).  As mentioned beforehand, activation 

energies were calculated for reactions at 0.1 M HCl and assumed to be constant for all other acid 

concentrations.  The pre-exponential factors were calculated for each reaction step i (refer to 

Figure 22) at every acid concentration and a power law function was derived, as shown in Eqn. 

19.  This approach was similar to those used by Saeman
165

 and Kuster.
191

   The best fit kinetic 

parameters with their standard errors are tabulated in Table 10. 

  

          H     H  
  
  (19) 

    reaction number; A   , H
   

,      constants 

 

 

Table 10. Estimated kinetic parameters for aqueous-phase glucose dehydration to levulinic acid 

with dependence on acid concentration.
b
 

  log
  
       M    min

        k  mol
    H       

1 18.44  0.98 
a
 160.16  5.15 0 1.290  0.062 

2 3.86  0.52 50.68  2.38 0.29  0.01 2.764  0.213 

3 11.50  0.83 94.72  5.54 0 1.176  0.103 

4 16.83  3.43 141.94  25.72 0 1.176  0.114 

Kinetic parameters fit experimental data at: T = 140-180 °C; [Glucose]o = 2-20 wt%; 0 M < [H
+
] ≤ 1.0 M. 

a
 95% confidence interval in parameter estimation. 

b
 Reprinted from ref.

175
, Copyright(2012), with permission from John Wiley and Sons. 
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 Non-catalyzed reactions were also performed at various temperatures to study the effect 

of glucose decomposition without HCl in the aqueous solutions.  As shown in Figure 26(a), the 

rate of glucose disappearance increased with temperature, and nearly full disappearance was 

reached at 180 °C after 150 min.  Figure 26(b) reveals that the maximum attainable carbon yield 

of HMF is 7.5% at 180 °C after 60 min.  Levulinic acid was detected only at 180 °C after 60 

min., and a maximum carbon yield of 12% was obtained after 150 min.  TOC analysis confirmed 

that at high temperatures only 50% of the water soluble organic carbon was accounted for.  Up to 

50% of the overall organic carbon went to form insoluble humic species.  This finding agrees 

with Figure 26(c) which plots the total humins carbon yield.  For this purpose, humins were 

considered all non-detectable soluble and insoluble compounds.  
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Figure 26. Aqueous-phase non-catalyzed thermal decomposition of glucose in a stirred batch 

reactor.  T (°C) = 140 (), 160 (), 180 ().  Feed was 10 wt% glucose.  (a) Glucose 

disappearance; (b) HMF carbon yield; (c) Humins carbon yield.  Reprinted from ref.
175

, 

Copyright(2012), with permission from John Wiley and Sons.   
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5.3.4. Continuous reactor systems 

 The kinetic model that was derived above can further be used to model data from 

continuous reactor systems.  These can be divided into two reactor types based on the mixing of 

reactant – plug flow reactor (PFR) and continuous stirred-tank reactor (CSTR).  Under steady-

state operating conditions, their design equations are described as Equations 20 and 21: 

 

PFR:        
  

   

 

 
 (20) 

 

CSTR:   
     

   
 (21) 

    residence time         initial concentration of species   

      reaction rate;     conversion 

 

 The above equations were combined with the kinetic model (Eqns. 16-19) to simulate 

continuous production of levulinic acid.  The key process variables include initial concentration 

of glucose, acid concentration, temperature, and residence time.  The variables can be 

manipulated to maximize throughput, conversion of glucose and yields of HMF and levulinic 

acid.  Experimental studies were also carried out with a PFR and CSTR at temperatures 160-180 

°C with 0.5 M HCl.  Steady state conditions were attained after a period corresponding to 4-5 

times the residence time of the reactor.  This was confirmed by sampling multiple times at each 

steady state condition and taking the average value along with its standard deviation.  The 

experimental data along with the fitted models appear in Figure 27. 
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 The kinetic model shows that the rate of glucose conversion is higher in a PFR compared 

to a CSTR.  Likewise, maximum HMF carbon yields of 10% are obtained in a PFR at 180 °C 

and short residence times (less than 1 minute).  A maximum levulinic acid yield of 55% is 

obtained in a PFR at 160 °C and a residence time of 100 minutes.  This is compared to 46% 

levulinic acid carbon yield obtained in a CSTR at the same temperature and residence time. 
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Figure 27. Aqueous-phase acid-catalyzed glucose dehydration in continuous reactors.  Kinetic 

model fit with a single PFR (plots a, b, c) and single CSTR (plots d, e, f) for glucose conversion, 

HMF carbon yield and levulinic acid carbon yield.  Experimental reaction conditions: 3-5 wt% 

glucose and 0.5 M HCl.  T (°C) = 160 (), 180 (); Model prediction for 160 °C (―).  Model 

prediction for 180 °C (―).  Reprinted from ref.
175

, Copyright(2012), with permission from John 

Wiley and Sons. 
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5.4. Discussion 

5.4.1. Comparison with previous kinetic models 

 The kinetic parameters derived from our model (Table 10) are in fairly good agreement 

with those obtained in previous studies.  The literature reports activation energies for acid-

catalyzed glucose dehydration (Reaction 1) in the range 121 to 152 kJ mol
-1 

(see Table 11 for 

references).  Our study reported a value of 160 kJ mol
-1

 with a 95% confidence interval of  5, 

which is in the range of previous studies.  The majority of the literature values for acid-catalyzed 

HMF rehydration (Reaction 3) range from 95 to 111 kJ mol
-1

.  This is in agreement with our 

reported value of 95  6 kJ mol
-1

.  Girisuta et al. claimed activation energies of 165 and 111 kJ 

mol
-1

 for humins formation from glucose and HMF respectively.
171

  For humins formation from 

glucose (Reaction 2) we obtained a value of 51  2 kJ mol
-1

.  We obtained a value of 142  26 kJ 

mol
-1

 for humins formation from HMF (Reaction 4).  In their study of non-catalyzed glucose 

decomposition, Qi et al. reported values of 136 and 109 kJ mol
-1

 to form humins from glucose 

and HMF respectively.
173

  Wyman and Shen reported a value of 147 kJ mol
-1

 for humins 

formation from HMF.
174

  The latter value agrees well with our calculated value of 142 kJ mol
-1

.  

On the other hand, our derived value of 51 kJ mol
-1

 for humins formation from glucose does not 

coincide with those reported above. 

 A power-law approach was used to derive the reaction orders with respect to acid 

concentration in the rate equations (ni in Table 10).  All reactions were found to demonstrate a 

near first order dependence to the acid concentration, with the exception of Reaction 2 (glucose 
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to humins) which exhibits close to a third order dependence.  This differs from the values 

reported by Girisuta et al.
171

 

 A plausible cause for these observed deviations lies in the methods used to develop the 

kinetic models.  For example, unlike our model, Girisuta et al.
170, 171

 employed a modified 

Arrhenius equation to determine temperature dependence of the rate constants, and a rate 

selectivity parameter to maximize the rate of the desired reactions.  They also took into account 

the dissociation constant of their catalyst, as they used sulfuric acid.  Our model prediction has 

been made for a wide range of acid concentration extended to zero acid concentration to assure 

systematic dependence of rate constants on the concentration of the catalyst, i.e. infinite dilution, 

where some of the reaction rates become negligible.  Table 11 summarizes the kinetic studies 

that appear in the literature for glucose conversion to levulinic acid. 

  



94 

 

  

Table 11. Proposed kinetic models for aqueous-phase acid-catalyzed glucose conversion to 

levulinic acid.
b
 

Proposed Model Reaction Conditions 
a
 Activation Energy (kJ mol

-1
) Reference 

 

T = 100-150 °C 

[HCl] = 0.35 M 

[Glucose]o = 1 wt% 

Ea1 = 133 

Ea2 = 95 

Heimlich
166

, 

1960 

 

T = 140-250 °C 

[H2SO4] = 0.0125-0.4 M 

[Glucose]o = 5-17 wt% 

[HMF]o = 1-2 wt% 

Ea1 = 137 

Ea2 = 97 

McKibbins
167

, 

1962 

 

T = 180-224 °C 

[H2SO4] = 0.05-0.4 M 

[Glucose]o = 0.4-6 wt% 

Ea1 = 128 Smith
184

, 1982 

 

T = 170-230 °C 

[H3PO4]: pH 1-4 

[Glucose]o = 0.6-6 wt% 

[HMF]o = 0.3 wt% 

Ea1 = 121 

Ea2 = 56 
Baugh

178
, 1988 

 

T = 200-230 °C 

[H2SO4] = 0.005-0.02 M 

[Glucose]o = 2 wt% 

Ea1 = 139 Xiang
186

, 2004 

 

T = 170-190 °C 

[H2SO4] = 0.1-0.5 M 

[Glucose]o = 5 wt% 

Ea1 = 86 

Ea2 = 210 

Ea3 = 57 

Chun
169

, 2006 

 

T = 98-200 °C 

[H2SO4] = 0.05-1 M 

[Glucose]o = 2-15 wt% 

[HMF]o = 1-11 wt% 

Ea1 = 152 

Ea2 = 165 

Ea3 = 111 

Ea4 = 111 

Girisuta
170, 171

, 

2006 

 

T = 180-280 °C 

Non-catalyzed 

[Glucose]o = 1 wt% 

[HMF]o = 0.75 wt% 

[Levulinic Acid]o = 0.5wt% 

Ea1 = 108 

Ea2 = 136 

Ea3 = 89 

Ea4 = 109 

Ea5 = 31 

Qi
173

, 2008 

 

T = 140-180 °C 

0 M < [HCl] ≤ 1.0 M 

[Glucose]o = 2-20 wt% 

[HMF]o = 4-16 wt% 

Ea1 = 160  5 

Ea2 = 51  2 

Ea3 = 95  6 

Ea4 = 142  26 

this study 

    glucose; ; HMF   5-hydroxymethylfurfural; LA   levulinic acid; FA   formic acid; I   intermediate; D   

decomposition products (humins).
a
 Units of feedstock and acid concentrations were converted for consistency.  

Values were rounded to the nearest unit. 
b
 Reprinted from ref.

175
, Copyright(2012), with permission from John Wiley and Sons. 
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5.4.2. Reactor design for production of HMF and levulinic acid 

 The apparent rate parameters introduced here allow for kinetic modeling of HMF and 

levulinic acid yields.  The type of reactor and its operating conditions can be modified to 

maximize the yields of these desired products.  The kinetic model fit in Figure 27 shows that at a 

constant residence time higher glucose conversions and levulinic acid yields can be obtained in a 

PFR relative to a CSTR.  Likewise, higher temperatures and short residence times are essential to 

maximize HMF yield.  These conditions are favored in a PFR type reactor.  This finding also 

agrees with our previous work on furfural production from xylose in Chapter 2.  In contrast, 

lower temperatures are necessary to obtain optimal levulinic acid yields.  This is due to the 

induced HMF degradation reaction (Reaction 4) that occurs at relatively higher temperatures 

(Ea4 > Ea3). 

 Figure 28 shows the calculated HMF and levulinic acid yields as a function of glucose 

conversion for an ideal PFR and CSTR.  On a conversion basis, HMF yield is maximized in a 

PFR at high temperatures.  This is because the dehydration step to form HMF (Reaction 1) is 

favored at increased temperatures due to its higher activation energy compared to the 

degradation step to form humins from glucose (Reaction 2).  At similar feedstock conversions 

shorter residence times are obtained in a PFR compared to a CSTR.  This shorter residence time 

minimizes the further decomposition of HMF and maximizes the HMF production.  Calculations 

show that a HMF yield of 14% can be obtained at 200 °C in a PFR at 34% glucose conversion.  

This conversion corresponds to a residence time of 10 seconds. 

 At equal glucose conversions a slightly higher yield of levulinic acid can be obtained in a 

CSTR compared to a PFR (11.6% vs. 10.5% respectively, at 25% glucose conversion and 160 
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°C), as shown in Figure 28(b).  Lower temperatures (140-160 °C) are also favorable to maximize 

levulinic acid production, as these conditions minimize the formation of humins due to the 

relatively higher activation energy associated with Reaction 4 (humins from HMF) compared 

with the rehydration reaction to produce levulinic acid (Reaction 3).  Longer residence times are 

required in a CSTR compared to a PFR in order to obtain equivalent glucose conversions.  As 

shown in Figure 28(b), the longer residence times achieved in a CSTR are favorable in the case 

of levulinic acid production, as we have shown that it does not undergo degradation reactions 

under the reaction conditions in this study. 

 This behavior agrees with those reported by Girisuta et al.
171

  However, their kinetic 

model calculations show a bigger deviation between CSTR and PFR with increased glucose 

conversion.  They report a levulinic acid carbon yield of 70% in a CSTR at 140 °C and complete 

glucose conversion.  Our model predicts a levulinic acid carbon yield of 54% at the same 

temperature and conversion for both reactor types, as shown in Figure 28(b).  This result is 

comparable to that reported by Girisuta et al. in a PFR, however there is an inconsistency with 

the levulinic acid yield reported in a CSTR at complete glucose conversion.  To further 

determine the credibility of our model, we calculated the projected glucose conversion and 

levulinic acid yield obtained in a CSTR with the kinetic parameters reported by Girisuta et al.
171

  

These calculations resulted in a glucose conversion of 89.8% and a levulinic acid carbon yield of 

50.4% at 160 °C, 0.5 N acid concentration and retention time of 200 min.  These results are quite 

similar to those reported in this study, as shown in Figure 27(d, f).  Experimentally, at the same 

reaction conditions, we obtained a glucose conversion of 95.1% and a levulinic acid carbon yield 
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of 51.3%.  Likewise, our kinetic model projected a glucose conversion of 92.0% and a levulinic 

acid carbon yield of 50.4%. 

 

Figure 28. Continuous reactor modeling for acid-catalyzed glucose dehydration in a single 

continuous reactor.  Calculated values for (a) HMF carbon yield and (b) levulinic acid carbon 

yield as a function of glucose conversion and temperature for 10 wt% glucose and 0.5 M HCl.  

PFR (―); CSTR (
….

).  Symbols () and () represent maximum HMF yields in a PFR and 

CSTR respectively.  Reprinted from ref.
175

, Copyright(2012), with permission from John Wiley 

and Sons. 
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 The calculated levulinic acid carbon yield, plotted as a function of temperature and 

residence time in a PFR, is shown in Figure 29.  In a PFR 56% carbon yield can be achieved at 

153 °C after 200 min.  The carbon yield rises to 57% with an increase in residence time to 500 

min. at 149 °C.  However, a further increase to 1000 min. shows no improvement in the results.  

If the residence time in the PFR decreases then a higher temperature is required to maximize 

levulinic acid production.   This in turn results in lower yields of levulinic acid due to induced 

humins formation from HMF (Reaction 4).  The levulinic acid yield has an optimum with regard 

to temperature and residence time.  On the one hand, HMF production from glucose (Reaction 1) 

is maximized at elevated temperatures (Ea1 > Ea2).  Conversely, high temperatures are 

unfavorable for levulinic acid production from HMF (Reaction 3) due to a parallel degradation 

step with a higher activation energy (Ea4 > Ea3). 

 

Figure 29. Continuous reactor modeling for acid-catalyzed glucose dehydration in a PFR.  

Calculated levulinic acid carbon yield as a function of temperature for 10 wt% glucose and 0.5 

M HCl at varying residence times.  τ (min.) =  25 (―), 100 (―), 200 (―), 500 (―), 1000 (―).  

Symbol () represents maximum levulinic acid yield.  Reprinted from ref.
175

, Copyright(2012), 

with permission from John Wiley and Sons. 
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 In addition to operating parameters, a variety of reactor configurations can be examined, 

including a combination of two reactors in series.  Figure 30 plots the overall calculated levulinic 

acid yield for two reactors in series as a function of the temperature and residence time of the 

second reactor (T2 and τ2 respectively).  The first reactor is a PFR, as we have shown that this 

reactor type is favorable to maximize levulinic acid yield.  Its operational conditions were set to 

maximize the levulinic acid yield in the first reactor.  The second reactor depicts a PFR or CSTR 

as shown in Figure 30(a) and (b) respectively.  As can be seen, a combination of two PFR 

reactors in series is preferred relative to a PFR/CSTR combination.  The former gives rise to a 

higher levulinic acid yield (52.5% vs. 47.5%) at shorter residence times in the second reactor (55 

min. vs. 93 min.).  The contour plots demonstrate that a decrease in the temperature of the second 

reactor subsequently requires an increase in its residence time to maintain equivalent levulinic 

acid yields.  The combination of two PFRs in series shows nearly the same results as a single 

PFR.  According to Figure 27, a single PFR at 160 °C and residence time of 50 minutes can yield 

51.7% levulinic acid, which is similar to the maximum yield of 52.5% obtained with two PFRs 

in series at 160 °C and residence time of 60 minutes. 

 Our proposed model for levulinic acid production from glucose differs from that 

employed by the Biofine Process.  As mentioned previously, this process consists of two acid-

catalyzed steps: (1) hydrolysis of the lignocellulosic biomass feedstock to monosaccharides and 

subsequent dehydration to produce HMF; (2) rehydration of the HMF to produce levulinic and 

formic acid.  Furfural is also produced during the process.  The first stage takes place in a PFR 

reactor between 210-230 °C within 13-25 seconds.  The second stage consists of using a CSTR 

reactor at temperatures ranging 195-215 °C and residence times of 15-30 minutes. 
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 The general operating trend realized by the Biofine Process agrees with our model, in that 

initially higher temperatures are necessary to maximize the hydrolysis/dehydration step and then 

lower temperatures should be employed to maximize levulinic acid yield.  However, a 

discrepancy arises with respect to the optimal reactor configuration.  The Biofine Process uses a 

PFR followed by a CSTR, whereas our model predicts a single PFR as the most favorable.  This 

inconsistency could be due to that, unlike the Biofine Process, a biomass hydrolysis step was not 

included in our proposed model.  This preliminary depolymerization step has a high energy 

barrier and requires relatively high temperatures,
165, 201

 which could necessitate a multi-stage 

process.
68

  Hayes et al. have suggested that higher yields are obtained in a CSTR in the Biofine 

Process because this reactor minimizes the “higher-order” degradation reactions, compared to the 

first order rehydration of HMF to produce levulinic acid.
202

  Their claim differs from our 

proposed kinetic model which suggests that all four of the reactions are first order with respect to 

the reactants (refer to Eqns. 16-18).  A CSTR may also be beneficial compared to a PFR because 

of the operational issues associated with the formation of solid humins during the reaction.  As 

observed in this study, it may well be easier to operate a CSTR amid the formation of solid 

humins compared to a PFR. 

 According to the Biofine process, levulinic acid production can reach carbon yields 

higher than 58% (70% of the theoretical yield) from cellulosic biomass.
163, 164

  Similarly, in this 

study we project a maximum carbon yield of 57% (68% of the theoretical yield) levulinic acid 

from glucose, as shown in Figure 29.  Likewise, in their kinetic study of levulinic acid 

production from cellulose, Wyman and Shen report a maximum levulinic acid carbon yield of 
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50% (60% of the theoretical) at an initial cellulose concentration of 99.6 mM, acid concentration 

of 0.927 M and temperatures between 180-200 °C.
174

  

 

Figure 30. Continuous reactor modeling for acid-catalyzed glucose dehydration in a system of 

two reactors in series.  Calculated total levulinic acid carbon yield as a function of the residence 

time (τ2) and temperature (T2) of the second reactor for 10 wt% glucose.  For both cases the first 

reactor is a PFR at: T1 = 200 °C, τ1 = 5 sec and 0.5 M HCl.  The second reactor is (a) PFR or (b) 

CSTR, both at 0.5 M HCl.  Reprinted from ref.
175

, Copyright(2012), with permission from John 

Wiley and Sons.           
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CHAPTER 6 

Levulinic acid production with solid metal(IV) phosphate catalysts 
 

 

 

The contents in this chapter are adapted from the following reference, Copyright (2013), with permission from 

Elsevier: 

Weingarten, R.; Kim, Y. T.; Tompsett, G. A.; Fernandez, A.; Han, K. S.; Hagaman, E. W.; Conner, W. C.; Dumesic, 

J. A.; Huber, G. W., Conversion of glucose into levulinic acid with solid metal(IV) phosphate catalysts. Journal of 

Catalysis 2013, 304, 123-134. 



103 

 

  

6.1. Background 

 In this chapter we discuss the design of solid acid catalysts for the aqueous phase 

production of levulinic acid from glucose.  The objective of this study was to characterize the 

different catalytic sites on supported metal(IV) phosphate solid acid catalysts and identify their 

roles in this reaction.  The nature of the metal(IV) and phosphorus loading was investigated, as 

well as the role of Lewis and Brønsted acid sites.  The catalysts that we tested include zirconium 

(ZrP) and tin (SnP) phosphates with varying ratios of phosphorus to metal(IV).   

 As mentioned previously, levulinic acid is produced from glucose by way of a two-step 

acid-catalyzed reaction (Figure 31).  Overall there are four parallel pathways in which glucose 

can react: (1) reversion reactions can lead to the formation of cellobiose and levoglucosan;
166, 184, 

185
 (2) degradation reactions to form highly polymerized carbonaceous species (i.e. humins); (3) 

epimerization reactions to form fructose and mannose,
184

 and (4) dehydration to produce HMF.  

It has been reported that reversion and epimerization products can also decompose to form 

humins.
186

  The humins are both water soluble and water insoluble.  Water-soluble humins 

polymerize with time to form water-insoluble compounds.  The isomerization of glucose into 

fructose has been reported to be favored by the presence of Lewis acid sites.
122, 189, 190

  Recent 

studies have reported the efficient conversion of glucose to HMF using a combination of Lewis 

and Brønsted acid catalysts in a biphasic reactor system with 2-sec-butylphenol as the extracting 

solvent.
203, 204

  The reaction proceeds through a tandem pathway including isomerization of 

glucose to fructose followed by dehydration of fructose to HMF.  Subsequently, HMF can 

rehydrate to produce levulinic acid and formic acid.  HMF can also decompose to produce 

humins and produce furfural via loss of formaldehyde.
180-183

  As depicted in Chapter 2, furfural 
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can also undergo degradation reactions to form humins.  Formic acid is also a byproduct of 

furfural degradation by way of hydrolytic fission of the furfural aldehyde group.
69, 91

  

 

Figure 31. Reaction pathway scheme for the conversion of glucose to levulinic acid.  Reprinted 

from ref.
205

, Copyright(2013), with permission from Elsevier. 

 

 Extensive studies have reported on the conversion of biomass feedstocks to levulinic acid 

using homogeneous catalysts, including mineral acids and metal chlorides.
62-66

  Many have also 

attempted to utilize recyclable solid acid catalysts for this reaction.  Jow et al. studied the 

production of levulinic acid production from fructose over a LZY zeolite (Y-type Faujasite) 

catalyst.
206

  Levulinic acid molar carbon yield of 56% (67% of the theoretical) was obtained after 

15 h in a batch reactor at 140 °C.  They reasoned that this was due to the strong Lewis acidity of 

the silica/alumina support, as well as the molecular sieving capability of the Y-type zeolite.  

Wang et al. studied the production of levulinic acid from cellulose with sulfated TiO2 as a solid 

acid catalyst.
207

  They claimed a levulinic acid molar carbon yield of 32% (38% of the 

theoretical) at their optimal reaction conditions.  The catalyst stability was found to be a concern, 

as a loss in activity was observed after two consecutive runs.  Others have reported the use of 
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solid acid catalysts to produce esters of levulinic acid in non-aqueous solutions from glucose and 

cellulose.
208, 209

 

 In particular, metal(IV) phosphate catalysts have shown to be selective and active for 

aqueous phase acid-catalyzed dehydration and isomerization reactions.
210-213

  Extensive 

investigations have been carried out to determine the physicochemical and acidic properties of 

these catalysts.
214, 215

  Studies have shown that the amorphous form of these catalysts 

demonstrate higher activity due to increased overall acidity and surface area compared to their 

crystalline analogue.
132, 216

  In addition, metal(IV) phosphates are beneficial as catalyst supports 

for metal oxides due to their textural and acid properties.
133, 217, 218

 

 In the field of biomass conversion various studies have been reported on the selective 

production of HMF from carbohydrates in the aqueous phase using metal phosphates as solid 

acid catalysts.
219-222

  In Chapter 3 we showed that amorphous zirconium phosphate containing a 

high Brønsted to Lewis acid site ratio exhibits high selectivity for furfural production from 

xylose.  The activity and selectivity for furfural production of the zirconium phosphate were 

comparable to those obtained from dehydration reactions with HCl.  The dehydration of sorbitol 

to produce isosorbide with metal(IV) phosphates has also been reported.
223

  Li et al. have found 

that platinum supported on zirconium phosphate serves as a stable, selective and active catalyst 

for aqueous phase hydrodeoxygenation of aqueous sugar solutions to produce high-octane 

gasoline.
146, 224

  They found the catalyst to be stable in aqueous media at high temperatures (245 

°C) and no deactivation occurred after 200 h time-on stream.  ICP studies confirmed that no 

leaching occurred.  This coincides with a study by Asghari et al. who also found zirconium 

phosphate to be stable under sub-critical water conditions.
225

  Niobium based catalysts have also 
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received much consideration as solid acid catalysts due to their hydrothermal stability and high 

activity for aqueous phase dehydration of alcohols to olefins.
226, 227

 

 Zirconium phosphate has unique properties as a solid acid catalyst in that it is compatible 

in aqueous media.  Various studies have investigated the source of the active sites on this class of 

catalysts.  In their study of crystalline zirconium phosphate, Hattori et al. concluded that the 

catalyst possesses weak and strong acid sites, both of which are derived from P(OH) groups.
228

  

Clearfield and Thakur observed a decrease in the activity of zirconium phosphate after poisoning 

the catalyst with quinoline or following proton exchange with Cs
+
 on the catalyst surface.

210, 214
  

They correlated the active sites to surface hydroxyl groups but also associated some of the 

activity to Lewis-type sites.  La Ginestra et al. used a similar surface poisoning technique to 

conclude that the catalytic activity of zirconium phosphate was solely from Brønsted acid sites 

on the surface of the catalyst.
211

  Sinhamahapatra et al. observed both Brønsted and Lewis acid 

sites in their study on mesoporous zirconium phosphate.
229

  They postulated that the Brønsted 

acid sites possibly arise from geminal P(OH) groups.  The Lewis acid centers could be attributed 

to Zr
4+

, as suggested by Spielbauer et al.
230
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6.2. Experimental 

6.2.1. Catalyst Preparation 

 The zirconium phosphate catalysts (ZrP) were prepared following procedures previously 

reported,
132

 which consisted of precipitation of ZrCl2O·8H2O (Sigma Aldrich, 1 mol L
-1

, 140 

mL) and NH4H2PO4 (Sigma Aldrich, 1 mol L
-1

, 280 mL) at a molar ratio of P/Zr = 2 (ZrP2).  The 

solution was stirred at room temperature and then filtered, washed with de-ionized (DI) water 

until pH 5 and dried overnight at 373 K.  The catalyst was powdered and calcined at 673 K for 4 

h in air prior to reaction.  The other two zirconium phosphate catalysts (ZrP1 and ZrP3) were 

prepared following the same procedure but varying the molar ratio of P/Zr to 1 and 3 

respectively.  

 The tin phosphate catalyst (SnP1) was obtained following a procedure reported by Patel 

et al.
213

  A 0.1 M aqueous solution of disodium hydrogen phosphate (Sigma Aldrich, 

ReagentPlus
TM

 ≥ 99%) was added drop wise to an equimolar, equivolume, stirred aqueous 

solution of tin tetrachloride (SnCl4·5H2O, Fisher Scientific).  The resulting gel was stirred at 

50ºC for 2 h and at room temperature for 24 h.  It was then filtered and dried at room 

temperature.  The dried material was powdered and converted to the hydrogen form by treatment 

with a 1 M aqueous solution of HNO3 (Fisher Scientific) for 3 h, the acid being intermittently 

replaced with a fresh batch.  It was then washed several times with de-ionized water to remove 

the excess acid until pH of 3, and finally dried at room temperature. Tin phosphate (SnP2) was 

prepared following the same procedure but varying the molar ratio of P/Sn to 2, and then washed 

thoroughly until pH 3.  
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 Zirconium oxide was obtained by calcining zirconium hydroxide (supplied by MEL 

chemicals-(XZO 880/01)) at 673 K for 2 h in air.  Hydrochloric acid was supplied by Fischer 

Scientific. Ytterbium (III) trifluoromethanesulfonate hydrate, Yb (OTf)3, was supplied by Strem 

Chemicals.  

 

6.2.2. Catalyst Characterization 

 Total acid sites were determined by temperature programmed desorption of ammonia 

(NH3-TPD) with a Quantachrome ChemBET Pulsar
TM

 TPR/TPD Automatic Chemisorption 

Analyzer coupled with a TCD to quantify the ammonia desorbed from the sample.  A sample of 

approximately 300 mg was initially degassed at 673 K for 1.5 h under a constant helium flow of 

12 mL min
-1

 (Airgas, UHP).  The sample was cooled and ammonia (Airgas, electronic grade) 

was adsorbed at 373 K for 30 min. to reach saturation.  Afterwards, the ammonia supply line was 

shut off and helium was purged at 12 mL min
-1 

for 2 h to remove any physically adsorbed 

ammonia.  The sample was then heated linearly at a rate of 10 K min
-1

 from 373 to 973 K (773 K 

for the tin phosphate samples) under a constant helium flow of 12 mL min
-1

.  The sample was 

held at the temperature set point for an additional 2 h. 

 The concentration of Brønsted acid sites was determined by temperature programmed 

desorption of isopropylamine (IPA-TPD) with thermogravimetric analysis-mass spectrometry 

(TA instruments SDT Q600 system), as reported by Gorte et al.
231-233

  Approximately 50–60 mg 

of sample was loaded and degassed at 673 K for 1.5 h under a constant helium flow of 100 mL 

min
-1

 (Airgas, UHP).  The sample was then cooled to 318 K, at which point isopropylamine was 

bubbled with helium and adsorbed for 15-20 min.  After saturation, the isopropylamine supply 
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line was shut off and helium was purged at 100 mL min
-1 

to remove any physically adsorbed 

isopropylamine.  The sample was then heated linearly at a rate of 10 K min
-1

 from 318 to 973 K 

(773 K for the tin phosphate samples) under a constant helium flow of 100 mL min
-1

.  During the 

TPD analysis, the signal m/z 39 (propylene) was monitored by the mass spectrometer.  The mass 

spectrometer was calibrated for propylene (Sigma Aldrich, ≥ 99%) for quantification purposes. 

 Adsorption and desorption isotherms (40 points each) of nitrogen were obtained for all of 

the samples at 77 K using a Quantachrome Autosorb
®
 iQ2 automated gas sorption system.  The 

surface areas were calculated using BET analysis ranging from 0.05 to 0.3 relative pressure P/Po 

on the adsorption branch and the BET “C” constants were recorded.  The samples were degassed 

before each experiment at 523 K for 12 h.   

 X-ray photoelectron spectroscopy (XPS) measurements were performed using a Physical 

Electronics Quantum 2000 Scanning ESCA Microprobe equipped with a monochromatic Al K 

anode (1486.6 eV).  Samples were prepared by dusting them on double sided adhesive tape.  

They were then evacuated and placed on the stage of the instrument.  Charging was neutralized 

using the turnkey electron/ion system so that the C1s peak was fixed at 284.0 eV.  Analysis was 

performed by taking sequential spectra from a 5 degree take-off angle increasing the angle by 3 

degrees per spectrum until the C1s line increased.  Since this indicated that the substrate tape was 

detected, the angle was then decreased to that before the tape was detected.  This proved to be a 

15 degree take-off angle which provided excellent signal to noise for quality spectra, acquired 

using a 200 micron spot at 50 Watts.  All quantitative calculations used atomic sensitivity factors 

tailored to the instrument by the manufacturer.  
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 Solid-state
 31

P magic angle spinning (MAS) nuclear magnetic resonance (NMR) spectra 

were obtained on a 9.4 T Bruker Avance
®
 spectrometer at a resonance frequency of 161.97 MHz.  

Powdered samples were spun at 12 kHz in a 4 mm CP/MAS probe under ambient temperature 

and humidity conditions.  Samples were not dried prior to examination. Spectra were acquired 

using a single pulse excitation pulse sequence (zg) with a 5 μs (90 degree) pulse length and 120 s 

recycle delay.  The 
31

P spin- lattice relaxation time estimated from progressive saturation 

experiments is ca. 30 s and does not show marked differences between the partially resolved 

resonance bands.  
31

P chemical shifts were referenced to external 85% H3PO4 (0 ppm). 

 The structures of the catalysts were determined by XRD.  The XRD patterns were 

obtained with a Philips  ’Pert Pro diffractometer equipped with a  ’Celerator detector operated  

at 45 kV and 40 mA using Cu K radiation (λ = 0.15406 nm) at a scan rate of 0.1° (2θ) s
-1

. 

 The amounts of phosphorous, zirconium and tin present in the solid acid catalysts were 

determined by elemental analysis by way of inductively coupled plasma (ICP) analysis.  The 

samples were not degassed prior to analysis.  The analyses were performed by Galbraith 

Laboratories, Inc.   

 

6.2.3. Catalyst Activity 

 Batch reactions were carried out in a 100 mL reactor vessel provided by Parr Instrument 

Company, series 4560.  Glucose (Fisher Scientific) solutions were prepared with de-ionized 

water at the specified concentration.  Throughout all of the experiments, the amount of loaded 

reaction solution was kept constant at 70 g.  Temperatures in the reactor were measured by 

means of a thermocouple in contact with the solution.  All reaction solutions were mixed at a 
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maximum constant rate of 600 rpm using an internal stirrer.  The temperature and stirring were 

controlled by a 4848 Controller provided by Parr.  The reaction vessel was initially pressurized 

to 800 psi with industrial grade helium (Airgas).  Samples were taken periodically through a 

sampling port.  The samples were immediately quenched in an ice water bath and filtered with a 

0.2 μm syringe filter prior to analysis.  The reactor was repressurized with helium after each 

sampling.  The dip tube was covered with a stainless steel woven wire cloth, mesh size 400x400 

provided by McMaster-Carr.  This was done to prevent clogging and loss of catalyst during 

sampling. 

 

6.2.4. Analysis 

 Reaction product samples were analyzed by high pressure liquid chromatography 

(HPLC) with a Shimadzu
©

 LC-20AT.  Carbohydrates were detected with a RI detector (RID-

10A) and reaction products were detected with a UV-Vis detector (SPD-20AV) at wavelengths 

of 210 and 254 nm.  The column used was a Biorad
©

 Aminex HPX-87H sugar column.  The 

mobile phase was 0.005 M H2SO4 flowing at a rate of 0.6 mL/min.  The column oven was set to 

30 °C.  
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6.3. Results 

6.3.1. Characterization of solid acid catalysts by adsorption and ICP 

 The characterization for the solid acid catalysts by adsorption and ICP appear in Table 

12.  Zirconia was used as a reference material due to its high Lewis acidity.
234

  All of the 

phosphate catalysts in this study were confirmed to be amorphous by XRD (Figure A.3 in the 

Appendix).  Previous studies have shown that the presence of phosphate stabilizes the 

amorphous zirconia phase.
235

  It has also been reported that amorphous zirconium phosphate is 

thermally stable even after calcination at 800 
o
C.

229
  The phosphorous to metal(IV) molar ratios 

obtained from ICP analysis were different than the phosphorous to metal(IV) molar ratios used in 

the precipitation solutions with the exception of ZrP2.  The sample ZrP3 had the same 

phosphorus content as ZrP2 despite the additional loading of the phosphorus precursor during 

synthesis.  The molar ratios for the two tin phosphate samples were comparable to each other, 

but lower than the phosphorus to tin ratio used in the prescription solution. 
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Table 12. Characterization of solid acid catalysts by adsorption and ICP studies.
e
  

Catalyst 

BET surface 

area 
a
 

(m
2
 g

-1
) 

Metal(IV) 
b
 

(molar %) 

Phosphorus 
b
 

(molar %) 

P / metal(IV) 

molar ratio 

Total acid 

sites
 c
 

(mmol g
-1

) 

Brønsted 

acid sites 
d
 

(mmol g
-1

) 

Fraction of 

Brønsted 

acid sites 

ZrP1 173 9.45 12.07 1.28 1.942 0.240 0.12 

ZrP2 276 8.29 16.60 2.00 2.146 0.818 0.38 

ZrP3 123 8.07 15.95 1.98 1.834 0.388 0.21 

SnP1 11 9.20 6.64 0.72 0.463 0.031 0.07 

SnP2 142 11.03 7.20 0.65 1.260 0.068 0.05 

ZrO2 143 - N/A N/A 0.905 0.087 0.10 
a
 BET “C” constants for the catalysts in descending order are 88, 89, 73, 44, 185 and 80. 

b
 Determined from elemental analysis (Galbraith Laboratories, Inc.). 

c
 Determined from ammonia TPD. 

d
 Determined from isopropylamine TPD. 

e
 Reprinted from ref.

205
, Copyright(2013), with permission from Elsevier. 

 

 Zirconium phosphate samples ZrP1 and ZrP3 had similar BET surface areas to that 

reported by Kamiya et al. (130 m
2
 g 

-1
).

132
  The highest surface area was obtained for ZrP2 (276 

m
2
 g 

-1
).  In contrast, tin phosphate SnP1 had the lowest surface area (11 m

2
 g 

-1
), which was 

appreciably lower than that reported by Patel et al. following the same preparation procedure 

(141 m
2
 g 

-1
).

213
   

 Ammonia TPD revealed a higher concentration of total acid sites for the zirconium 

phosphates compared to the tin phosphate catalysts.  The three zirconium phosphate samples 

showed similar concentrations of total acid sites as measured by NH3-TPD (Figure A.4 in the 

Appendix).  Sample ZrP2 showed the highest total acid concentration despite equivalent P/Zr 

molar ratios to sample ZrP3.  This higher total acid concentration for ZrP2 could be due to its 

higher surface area.  SnP1 had a comparable acid concentration to that reported in the 

literature.
213

  In contrast, an increased amount of acid sites was observed for SnP2 despite the 
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similar amounts of phosphorous incorporated in the framework.  The two tin phosphate samples 

showed similar acid strength according to the NH3-TPD profiles.    

 Brønsted acid sites were quantified according to isopropylamine TPD.
231-233

  The 

concentrations of Brønsted acid sites obtained for the zirconium phosphate samples were at least 

3 times higher than the concentration of Brønsted acid sites for the tin phosphates (Figure A.5 in 

the Appendix).  ZrP2 showed the highest Brønsted acid concentration among all of the catalysts 

tested, containing more than 26 times the amount of Brønsted sites observed with SnP1.  In this 

respect, extensive studies have been reported on the use of 
1
H MAS NMR spectroscopy to 

determine the strength of Brønsted acid sites.  Acid sites of increasing acid strength are 

characterized by higher 
1
H NMR chemical shifts.

236
  Fraissard and co-workers have measured 

the acid strength of several types of acid catalysts by two 
1
H NMR techniques in the presence of 

water.
237-242

  As part of this study, the zirconium phosphate samples were characterized by solid-

state 
1
H MAS NMR spectroscopy.  Results reveal that all three samples showed a broad 

resonance at 7.3 ppm.  The placement is downfield of the shift for water (4.8 ppm) and 

represents a weighted average of the acid proton chemical shifts and water.
240

  The chemical shift 

of all three materials is the same implying that their acid strengths are comparable.  This 

corresponds with results obtained from NH3-TPD.  It is also notable to mention that the fraction 

of Brønsted acid sites for ZrP2 in this study was somewhat lower than that reported by us in 

Chapter 3.  This could be due to a number of factors including differences in the catalyst washing 

routine during the synthesis procedure or different characterization techniques.  NH3 FTIR 

spectroscopy was used to quantify the ratio of Brønsted to Lewis sites in our previous study.  

Isopropylamine TPD was used in this study.  This could also lead to inconsistencies in the 
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quantification of the Brønsted acid sites by different techniques, as different adsorption 

techniques quantify sites differently.   

 

6.3.2. Solid-state 
31

P MAS NMR spectroscopy 

 The zirconium phosphate samples were characterized by solid-state 
31

P MAS NMR 

spectroscopy.   This characterization method serves as a useful technique to identify the 

coordination states of the phosphorus atoms in the bulk phase.  Generally, a transition of the 

chemical shift (P) to more negative values is indicative of both an increase in the number of P-

O-Zr bonds,
243, 244

 as well as an increase in the chain length of the phosphorus atoms.
230

  The 

latter corresponds to progressive deprotonation and subsequent condensation of phosphate 

species (P-O-P bonds), typically during calcination.
243

  Figure 32 shows the NMR spectra for the 

three zirconium phosphate samples.  All of the samples showed relatively broad peaks due to 

their amorphous nature.
229, 245

  Samples ZrP2 and ZrP3 showed very similar spectra which were 

characterized by four different resonance peaks.  The resonance peak at -7 ppm is attributed to 

tetrahedral phosphates bonded to one zirconia group and two hydroxyl groups (Zr-O)-PO(OH)2.  

This coordination gives way to geminal P-(OH) groups.  The signal at -14 ppm signifies the 

presence of two zirconia and one hydroxyl group bonded to the phosphate (Zr-O)2-PO(OH).  

Similarly, a peak at -21 ppm can be assigned to a tetrahedral phosphate connected with three 

zirconia groups (Zr-O)3-PO.  The high intensity peak at -27 ppm implies relatively high amounts 

of polyphosphates, P-O-P, due to condensation of phosphate species.
133, 229

  The resonance peaks 

associated with zirconium phosphate ZrP1 were broader and less discrete than those for the other 

two samples.     
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Figure 32. Solid-state 
31

P MAS NMR spectra of the zirconium phosphate catalysts.  (a) ZrP3, 

(b) ZrP2, (c) ZrP1.  Reprinted from ref.
205

, Copyright(2013), with permission from Elsevier. 

  

 The NMR spectra were deconvoluted using Origin software.  The four resonance bands 

were fit with Gaussian line shapes.  The band areas were normalized according to the sample 

weight, assuming equal density for the samples.  Table 13 shows the relative amounts of the 

different phosphate species for each catalyst.  The spectrum of ZrP1 has just three inflections and 

gave unreasonable fitting results until (Zr-O)-PO(OH)2 was constrained to a small value.  

Overall, from these results it can be concluded that ZrP2 and ZrP3 are quite similar materials 
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with respect to their bulk properties.  In contrast, ZrP1 showed a higher amount of (Zr-O)2-

PO(OH) species at -14 ppm and less polyphosphates at -27 ppm compared to ZrP2 and ZrP3.  

Panda et al. reasoned that the Brønsted acid sites in their study of mesoporous zirconium 

phosphate came primarily from geminal P(OH) groups.
229

  This corresponds to the coordination 

state detected at -7 ppm.  Others have postulated that the Brønsted acid sites come from the 

phosphate species on the surface bonded to two and three zirconia groups (chemical shifts -14 

ppm and -21 ppm respectively).
244, 246

  It is unlikely that these former conclusions are valid for 

this study, as the samples with the highest concentration of Brønsted acid sites (ZrP2 and ZrP3) 

are predominantly comprised of polyphosphate species.  Consequently, even though the 

formation of polyphosphates species is attributed with deprotonation, their increased amount in 

the bulk phase could be a primary cause of the higher Brønsted acidity observed for ZrP2 and 

ZrP3 in relation to ZrP1.  According to Segawa et al., P-O-P species in the bulk phase can 

withdraw electrons from the residual phosphate groups on the surface, thus enhancing the acidic 

properties of P-OH groups on the surface.
247, 248
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Table 13. Relative amounts of the different phosphate species for the zirconium phosphate 

catalysts from solid-state 
31

P MAS NMR spectroscopy.
c
 

Chemical shift (ppm) -7 -14 -21 -27 

Coordination state 
a
 

   
 

Catalyst Relative amount (%) 

ZrP1 2.3 
b
 30.9 15.7 51.1 

ZrP2 3.6 12.9 11.8 71.7 

ZrP3 5.0 11.3 13.5 70.2 
a
 Adapted from ref. 

229
. 

b
 This value was constrained.  Any small value is acceptable. 

c
 Reprinted from ref.

205
, Copyright(2013), with permission from Elsevier. 

 

6.3.3. XPS Analysis 

 The zirconium phosphate catalysts were characterized by XPS in order to study their 

surface composition and oxidation states.  Figure 33 shows the high resolution XPS spectra of 

zirconium, phosphorus and oxygen for the three zirconium phosphate catalysts.  The Zr3d line is 

composed of two peaks assigned to Zr3d5/2 at 183 eV and Zr3d3/2 at roughly 185 eV.  This is 

characteristic of tetravalent zirconium Zr
4+

.
249

  All samples had typical P2p binding energies of 

133 eV, characteristic of pentavalent tetracoordinated phosphorus (P
5+

).
249, 250

  The O1s line 

shows a broad peak which could correspond to oxygen bonded to both zirconium and 

phosphorus.
249

  The O1s component characteristic of the P-O bond is dominant for all samples 

with an average binding energy of 531 eV. 

 The surface atomic compositions of the zirconium phosphate catalysts appear in Table 

14.  These values were determined by the XPS line areas of Zr3d, P2p and O1s and the 
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phosphorus to zirconium atomic ratios on the surface were calculated accordingly.  There is a 

gradual increase of phosphorus on the surface in agreement with the increase in phosphorus 

loading in the preparation procedure.  The P/Zr molar ratio on the surface increased as follows: 

ZrP1 < ZrP2 < ZrP3.  The atomic compositions on the surfaces showed only slight differences to 

the bulk compositions (see Table 12 and Table 14).  Catalyst ZrP1 showed practically identical 

P/Zr surface and bulk molar ratios, as determined by XPS and ICP respectively.  However, 

higher zirconium and phosphorus contents were observed on the surface than in the bulk (Table 

12).  The relatively higher amount of zirconium on the surface of ZrP1 could be a plausible cause 

for its relatively higher concentration of Lewis acid sites compared to ZrP2 and ZrP3.  For 

sample ZrP2, the phosphorus content on the surface was slightly lower than in the bulk.  The 

opposite trend was found for zirconium.  The highest P/Zr molar ratio on the surface was 

observed for ZrP3.  Nevertheless, this value was lower than the theoretical ratio predetermined in 

the preparation procedure (P/Zr = 3). 

 Electron binding energy shifts observed for Zr, P and O can reflect variations in the 

polarity of the bonds on the surface of zirconium phosphate catalysts.  A slight downward shift 

in the Zr3d binding energies was observed for sample ZrP1 compared to ZrP2 and ZrP3.  This 

indicates a reduced polarization of the Zr-O bonds in the ZrP1 sample, which could be due to 

fewer hydroxyl groups on the surface relative to the other samples.
251

  As for the P2p binding 

energies, the shifts increased as follows: ZrP1 < ZrP2 < ZrP3.  Higher P2p binding energies are a 

result of increased polarity of the P-O bonds on the surface which can be enhanced by the 

hydroxyl groups bonded to the phosphorus atoms.
251

  This suggests that higher P2p binding 

energies are indicative of increased amounts of acid sites on the surface, as shown with ZrP2 and 
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ZrP3.  The O1s binding energies increase according to: ZrP1 < ZrP3 < ZrP2.  Higher O1s 

binding energy suggests an increased amount of surface hydroxyl groups.
251

 

 

Figure 33. High-resolution XPS spectra of the (a) Zr3d, (b) P2p and (c) O1s regions for the 

catalysts: ZrP1 (—); ZrP2 (—); ZrP3 (—).  Reprinted from ref.
205

, Copyright(2013), with 

permission from Elsevier. 
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Table 14. Electron binding energies and atomic surface composition determined by XPS for the 

zirconium phosphate catalysts.
b
 

Catalyst 
Binding energy (eV) Surface atomic composition 

a
 (%) 

P/Zr ratio 
Zr3d3/2 Zr3d5/2 P2p O1s Zr P O 

ZrP1 185.2 183.0 133.3 531.1 11.1 13.6 75.3 1.26 

ZrP2 185.5 183.1 133.6 531.4 8.8 16.3 75.0 1.85 

ZrP3 185.5 183.1 133.7 531.3 8.1 16.6 75.2 2.05 

a
 Based on XPS line areas of Zr3d, P2p and O1s. 

b
 Reprinted from ref.

205
, Copyright(2013), with permission from Elsevier. 

 

6.3.4. Aqueous phase glucose dehydration studies with solid metal(IV) phosphate catalysts 

 Glucose dehydration studies were carried out at 160 ºC with the different solid acid 

catalysts in the aqueous phase.  The concentration of the catalysts was kept constant at 5 wt%.  

Figure 34 depicts glucose conversion as a function of reaction time for the various catalysts.  The 

tin phosphate catalysts showed a higher activity compared to the zirconium phosphate catalysts.  

As part of this study, a run without any catalyst was also carried out and showed that glucose 

underwent hydrothermal decomposition.  Similar observations were noted in our previous study 

where we studied the kinetics of levulinic acid production from glucose.
175

  There we found that 

nearly full glucose disappearance was attained at 180 °C after 150 min. without an acid catalyst 

and 75% of the overall carbon content went to form water soluble and insoluble humic species.  

In this study, the catalyst activity obtained from sample ZrP3 was lower than that from the 

hydrothermal reactions with glucose at longer reaction times.  This suggests that zirconium 

phosphate suppresses some of the undesired reactions encountered under hydrothermal 

conditions.  Figure 35 shows the initial turnover frequency (TOF) of glucose disappearance for 
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the different catalysts in this study.  The TOF calculations are based on the total concentration of 

acid sites as determined by NH3-TPD.  On a per site basis, the catalytic activity increased as 

follows: ZrP3 < ZrP2 < ZrP1 < SnP2 < SnP1.  As mentioned previously, results from the NH3-

TPD and 
1
H MAS NMR studies showed that the acid strengths for each series of metal(IV) 

phosphates were similar.  Therefore, it is reasonable to assume that acid strength does not play a 

significant role in determining the catalyst activity.  For calculation purposes, the homogeneous 

(blank) glucose reactions were subtracted out of the TOF estimations.     

 

Figure 34. Aqueous phase glucose dehydration at 160 ºC in a stirred batch reactor with different 

solid acid catalysts.  Feed was 10 wt% glucose aqueous solution.  The solid catalyst loading was 

constant at 5 wt%.  Catalysts: ZrP1 (), ZrP2 (), ZrP3 (), SnP1 (), SnP2 ().  Blank run 

(dashed line) ().  Reprinted from ref.
205

, Copyright(2013), with permission from Elsevier. 
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Figure 35. Aqueous phase glucose dehydration at 160 ºC in a stirred batch reactor.  Initial turn-

over frequency (according to total acid sites concentration determined from NH3-TPD) based on 

glucose disappearance for the different solid acid catalysts.  Feed was 10 wt% glucose aqueous 

solution.  The solid catalyst loading was constant at 5 wt%.  The homogeneous glucose reactions 

were subtracted out for calculation purposes.  Reprinted from ref.
205

, Copyright(2013), with 

permission from Elsevier.  

  

 Figure 36 shows the carbon selectivities of the major products as a function of glucose 

conversion.  The tin phosphate catalysts had a higher fructose selectivity compared to the 

zirconium phosphates, as shown in Figure 36(a).  This is in agreement with the work of Davis 

and co-workers,
122, 189, 190

 and Dumesic and co-workers,
203, 204, 252

 where they find that Lewis acid 

sites catalyze the isomerization reaction of glucose to fructose.  The fructose selectivity increased 

as follows: blank < ZrP3 < ZrP2 < ZrP1 < SnP1 ~ SnP2.  In all cases the fructose selectivity 

decreased with increased glucose conversion.  It is notable to mention that lactic acid was also 

detected as a by-product of this reaction.  The amounts were not quantified, but were observed 

for all of the solid catalysts tested here due to the presence of Lewis acid sites.  Chambon et al. 
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published a study on the production of lactic acid from cellulose with solid Lewis acid 

catalysts.
253

  They found that Lewis sites improve the extent of cellulose depolymerization 

compared to Brønsted acid sties.  Holm et al. also discovered that solid Lewis acid catalysts, 

such as Sn-Beta, are able to convert pentose and hexose sugars to methyl lactate in methanol.
252, 

254
   

 Figure 36(b) depicts the HMF selectivity for the different metal(IV) phosphates.  Initially 

the HMF selectivity increased as it was being produced from glucose and fructose.  The HMF 

selectivity then decreased as it reacted to produce levulinic acid, formic acid and decomposition 

products.  Higher HMF selectivities were observed for ZrP2 and ZrP3 at relatively low glucose 

conversions.  This coincides with the trend that was observed for catalysts with relatively high 

Brønsted to Lewis ratios.
140

  The HMF selectivity reached a maximum of 38% with ZrP2 at a 

glucose conversion of 38%.  Similar selectivities were achieved with the tin phosphate catalysts 

at a glucose conversion of 80%.  The lowest selectivity was observed for non-catalyzed glucose 

decomposition (blank run). 

 A relatively high levulinic acid selectivity was observed for the zirconium phosphate 

catalysts ZrP2 and ZrP3 compared to the tin phosphates, as shown in Figure 36(c).  For the tin 

phosphates, levulinic acid was detected only at glucose conversions above 80%.  The catalyst 

ZrP2 showed the highest levulinic acid selectivity of 22% at a glucose conversion of 64%.  In 

contrast, catalyst ZrP1 showed no production of levulinic acid.  No levulinic acid was observed 

when only water was used.  The levulinic acid selectivity increased as follows: blank ~ ZrP1 < 

SnP2 < SnP1 < ZrP3 < ZrP2.  In all cases the levulinic acid selectivity increased with increasing 

glucose conversion. 
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 In addition to the major products mentioned earlier, quantifiable amounts of cellobiose, 

levoglucosan and furfural were also detected as by-products for all of the catalysts tested in this 

study.  Cellobiose was detected primarily for catalysts with relatively high Brønsted to Lewis 

ratios, such as ZrP2 and ZrP3.  Carbon selectivity to cellobiose decreased with glucose 

conversion.  The maximum carbon selectivity was 36% at 8% glucose conversion for ZrP3.  

Similar trends were observed for levoglucosan with a maximum carbon selectivity of 13% at 8% 

at glucose conversion for ZrP3.  Furfural was also detected, but at carbon selectivities no higher 

than 4%.  Higher selectivities to furfural were observed for catalysts with higher amounts of 

Lewis acid sites.  
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Figure 36. Carbon selectivity of the major products as a function of glucose conversion for the 

different metal phosphate catalysts at 160 ºC.  (a) fructose, (b) HMF, (c) levulinic acid.  Feed 

was 10 wt% glucose aqueous solution.  The solid catalyst loading was constant at 5 wt%.  

Catalysts: ZrP1 (), ZrP2 (), ZrP3 (), SnP1 (), SnP2 ().  Blank run (dashed line) ().  

Reprinted from ref.
205

, Copyright(2013), with permission from Elsevier. 
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6.3.5. Aqueous phase dehydration of glucose with homogeneous acid catalysts 

 Aqueous phase glucose dehydration studies were carried out with water-soluble Lewis 

and Brønsted acids.  Ytterbium (III) trifluoromethanesulfonate hydrate, Yb(OTf)3, and 

hydrochloric acid were used respectively.  The former is considered a stable water-soluble Lewis 

acid.
125, 148

  Reactions were performed at varying Brønsted to Lewis ratios by combining the two 

acids accordingly, while holding the total acid concentration constant at 0.1 M.  Figure 37 shows 

the results of glucose conversion for the different ratios of the homogeneous catalysts.  The 

activity for glucose disappearance increased systematically as the relative amount of Lewis sites 

increased.  Pure Yb(OTf)3 showed the highest glucose conversion whereas pure HCl had the 

lowest catalytic activity.  These results indicate that the Lewis acid sites have a higher catalytic 

activity towards glucose disappearance compared to the Brønsted acid sites, which is consistent 

with the results from the heterogeneous catalysts. 
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Figure 37. Aqueous phase glucose dehydration in a stirred batch reactor.  Effect of the Brønsted 

to Lewis acid ratio on glucose conversion with homogeneous acid catalysts at 160 ºC.  Feed was 

10 wt% glucose aqueous solution.  Total acid concentration was kept constant at 0.1 M.  

Brønsted to Lewis acid ratio = 1:0 (), 3:1 (), 1:1 (), 1:3 (), and 0:1 ().  Blank run 

(dashed line) ().  Reprinted from ref.
205

, Copyright(2013), with permission from Elsevier. 

 

 Figure 38 depicts the carbon selectivities of the major compounds as a function of 

glucose conversion for the various Brønsted to Lewis ratios in the homogeneous regime.  The 

selectivity for fructose production increased with the concentration of Lewis sites, as shown in 

Figure 38(a), reaching a maximum of 34% at 45% conversion with pure Yb(OTf)3 as a catalyst.  

Figure 38(b) shows the HMF selectivity for the different Brønsted to Lewis ratios in the 

homogeneous regime.  As with the solid acid catalysts, a maximum selectivity was observed for 
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production at higher glucose conversions.  The selectivity towards levulinic acid production from 

glucose systematically increases with the concentration of Brønsted sites, as depicted in Figure 

38(c).  Pure HCl showed a significantly higher levulinic acid selectivity compared to Yb(OTf)3, 

with a maximum selectivity of 46% at 60% glucose conversion.  These results are consistent 

with those reported for the heterogeneous catalysts. 
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Figure 38. Effect of the Brønsted to Lewis acid ratio on the carbon selectivity of major products 

from glucose dehydration with homogeneous acid catalysts at 160 ºC.  (a) fructose, (b) HMF, (c) 

levulinic acid.  Feed was 10 wt% glucose aqueous solution.  Total acid concentration was kept 

constant at 0.1 M.  Brønsted to Lewis acid ratio = 1:0 (), 3:1 (), 1:1 (), 1:3 (), and 0:1 

().  Reprinted from ref.
205

, Copyright(2013), with permission from Elsevier. 
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6.4. Discussion 

 The reaction chemistry for levulinic acid production from glucose consists of three key 

steps which generate products that can easily be quantified.   Glucose undergoes isomerization to 

produce fructose and mannose; hexoses undergo dehydration to form HMF, and HMF undergoes 

a rehydration reaction to produce levulinic acid and formic acid. Additional undesirable 

decomposition reactions can also come about from glucose, fructose and HMF to ultimately form 

humins.  For this study, humins were considered as all unidentified water soluble and insoluble 

compounds.  Further characterization of humic species was not carried out here, as this goes 

beyond the scope of this thesis.  Table 15 shows the product distribution of all identified 

products for the metal(IV) phosphates.  The values were interpolated to correspond with a 

glucose conversion of 40%.  The results show that the formation of humins was predominant for 

the reaction with ZrP1.  The catalyst ZrP2 showed the lowest selectivity towards these undesired 

compounds, which is consistent with its high selectivity toward HMF and levulinic acid.  The tin 

phosphate catalysts showed similar trends to each other for humins formation.  Following the 

reactions in this study, it was observed that solid humins were deposited on all of the solid acid 

catalysts.  The amounts of carbon deposited on the catalysts were not determined and 

regeneration was not carried out as part of this study.  However, we have shown in the previous 

chapters that we can obtain a satisfactory carbon balance for these aqueous dehydration reactions 

based on various characterization techniques.
175, 255

  This indicates that the method used in this 

study to calculate the product selectivities is valid. 
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Table 15. Product distribution at 40% glucose conversion for the metal(IV) phosphate catalysts 

at 160 ºC.  Feed was 10 wt% glucose aqueous solution.  The solid catalyst loading was constant 

at 5 wt%.
b
 

Catalyst 

Carbon selectivity (%) 

Fructose Cellobiose Levoglucosan HMF Furfural 
Levulinic 

acid 

Formic 

acid 
Humins 

a
 

ZrP1 12.6 1.8 0.6 15.6 2.3 0.0 4.1 63.0 

ZrP2 4.6 6.2 3.8 37.5 1.5 17.3 5.4 23.7 

ZrP3 2.3 6.3 4.0 30.4 1.0 10.5 3.9 41.6 

SnP1 21.6 3.7 1.7 23.9 2.4 0.0 1.2 45.5 

SnP2 18.7 3.3 1.4 23.2 2.2 0.0 1.8 49.4 
a
 Considered as all unidentified water soluble and insoluble products. 

b
 Reprinted from ref.

205
, Copyright(2013), with permission from Elsevier. 

 

 Figure 39 shows the carbon selectivity of the major products as a function of the fraction 

of Brønsted acid sites for the three zirconium phosphate catalysts.  The values were interpolated 

to correspond with a glucose conversion of 40%.  There is a direct correlation between the 

product distribution and the fraction of Brønsted sites as determined by TPD measurements with 

ammonia and isopropylamine.  HMF and levulinic acid production increase with the amount of 

Brønsted acid sites.  Isomerization to produce fructose from glucose is predominant at higher 

Lewis acid concentrations, as shown for sample ZrP1.  The formation of humic species is 

greatest at lower Brønsted to Lewis ratios.  Consequently, a higher rate of glucose disappearance 

and lower selectivities to HMF and levulinic acid are observed for catalysts with increased Lewis 

sites. 
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Figure 39. Carbon selectivity of major products at 40 % glucose conversion as a function of the 

fraction of Brønsted acid sites (determined by NH3 and isopropylamine TPD) for the zirconium 

phosphate catalysts at 160ºC.  Feed was 10 wt% glucose aqueous solution.  The solid catalyst 

loading was constant at 5 wt%.  Major products: fructose (), HMF (), levulinic acid (), 

total humins ().  Reprinted from ref.
205

, Copyright(2013), with permission from Elsevier. 

 

 This claim is further supported by the studies carried out with homogeneous Brønsted 

and Lewis acid catalysts.  Figure 40 shows the carbon selectivities of all the identified products 

as a function of the fraction of Brønsted acid sites for the homogeneous acid catalysts.  These 

calculated values were interpolated to correspond with a glucose conversion of 50%.  Levulinic 

acid and formic acid selectivities increase as the fraction of Brønsted sites increases.  A minimal 

HMF selectivity is observed with pure Brønsted acid sites suggesting this type of acid site 

predominantly catalyzes the rehydration of HMF to form levulinic acid and formic acid.  In 
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0.10 0.15 0.20 0.25 0.30 0.35 0.40

0

10

20

30

40

50

60

70

 

 

C
a
rb

o
n
 s

e
le

c
ti
v
it
y
 (

%
)

Fraction of Brønsted acid sites

ZrP1 ZrP3 ZrP2



134 

 

  

conclusions have been reported in the past by Davis and co-workers in their studies of tin-

containing zeolites as highly active solid Lewis acid catalysts,
122, 189, 190

 and by Dumesic and 

Shanks.
203, 204

  As with the dehydration step, it is apparent from the results that both Brønsted and 

Lewis acid sites catalyze the production of HMF from glucose and fructose, reaching a 

maximum carbon selectivity of 19% at 50% glucose conversion with a Brønsted acid site 

fraction of 0.25.  The selectivity to humins does not vary much as a function of the Brønsted to 

Lewis acid site ratio, however a slight decrease is observed at higher fractions of Brønsted sites. 

 

Figure 40. Carbon selectivity of water-soluble products as a function of the fraction of Brønsted 

acid sites for the homogeneous acid catalysts at 50 % glucose conversion and 160ºC.  Total acid 

concentration was kept constant at 0.1 M.  Feed was 10 wt% glucose aqueous solution.   

fructose;  cellobiose;  levoglucosan;  HMF;  furfural;  levulinic acid;  formic acid; 

 humins.  Reprinted from ref.
205

, Copyright(2013), with permission from Elsevier. 
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 Two classes of metal(IV) phosphates have been prepared based on tin and zirconium 

precursors.  Despite the same phosphorus to metal(IV) molar loadings in the preparation 

procedure, the tin phosphates have lower phosphorus concentrations than the zirconium 

phosphates according to elemental analysis.  The phosphorus to metal(IV) ratios obtained for the 

zirconium phosphates are more than two fold the amount obtained for the tin-based analogues.  

Consequently, the zirconium phosphates all have higher total acid and Brønsted acid 

concentrations according to ammonia and isopropylamine TPD respectively.  Prior studies which 

have compared different types of metal(IV) phosphates have reported conflicting results.  Patel et 

al. 
213, 216

 compared tin, zirconium and titanium phosphates for cyclodehydration of 1,n-diols.  

They found tin phosphate to be the most active and selective catalyst, which they attributed to its 

relatively high surface area and strong acid sites.  Similar conclusions were deduced by Gu et al. 

223
 in their study of sorbitol dehydration to produce isosorbide.  It is notable to mention that the 

catalysts tested in these previous studies were not calcined.  The discrepancy with our study 

could be attributed to the differences in catalyst preparation procedures.  Similarly, Tran et al. 

have shown a direct correlation between the acidic and catalytic properties of sulfated zirconia 

and its calcination temperature.
256

  It has been reported in the literature that the concentration of 

Brønsted acid sites for crystalline zirconium phosphate is maximized at a calcination temperature 

of 400 °C.
228

          

 The bulk and surface properties of the zirconium phosphate catalysts differ according to 

their phosphorus loadings.  Results from elemental analysis and 
31

P solid-state NMR 

spectroscopy show that catalysts ZrP2 and ZrP3 are quite similar in the bulk phase.  Despite 

different phosphorus loadings in the preparation procedure, both catalysts contain nearly 
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identical phosphorus amounts in the bulk phase, as well as on the surface.  The highest attainable 

phosphorus to zirconium molar ratio is 2 to 1.  This is similar to the maximum P/Zr ratio of 2.21 

reported by Sinhamahapatra et al. who studied the effect of phosphate concentration and 

calcination temperature on the catalytic properties of mesoporous zirconium phosphate.
229

 

 Characterization techniques carried out in this study show noticeable differences in 

surface properties among the three zirconium phosphate catalysts.  As shown with ZrP1 and 

ZrP2, increased phosphorus loading results in higher phosphorus content in the bulk and on the 

surface.  This in turn increases the total acidity and Brønsted acidity.
229

  Conversely, a higher 

zirconium loading increases the Lewis acidity due to increased amounts of tetravalent zirconium 

(Zr
4+

), as shown for ZrP1.  Further increasing the phosphorus loading in the preparation step 

from a P/Zr molar ratio of 2 to 3 does not increase the phosphorus content in the bulk or on the 

surface, as shown for ZrP2 and ZrP3.  Among the three zirconium phosphate catalysts, ZrP2 has 

the highest surface area, as well as the highest overall acid and Brønsted acid concentrations.  

Consequently, ZrP2 was found to contain the highest amount of hydroxyl groups on its surface, 

as confirmed with XPS analyses.  This could explain its high concentration of Brønsted acid 

sites.
210

  Kellum and Hahn found a direct correlation between the concentration of surface 

hydroxyl groups and the surface area for a series of trimethylsiloxy-treated ammonium 

silicates.
257

  Therefore, the increased amount of surface hydroxyl groups on ZrP2 could also be a 

cause for its relatively high surface area.  On the other hand, other studies have claimed that the 

preparation conditions have a strong effect on the structure and surface properties of zirconia 

catalysts.  Specifically, the nature of the zirconium precursor, the pH of the solution during 

precipitation, temperature and time of digestion and calcination temperature all play key roles 
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that influence these properties.
258-261

  In this study, the zirconium phosphate catalysts differ by 

the P/Zr molar ratios in the preparation step.  This was achieved by varying the relative amounts 

of phosphorus and zirconium precursors (ammonium phosphate monobasic and zirconium 

oxychloride octahydrate respectively).  This in turn alters the pH of the solution during 

precipitation, which could be a cause for varying surface areas observed for the different 

samples.   

 Various groups have studied the effect of phosphate and sulphate loading on different 

acid catalysts.  Sinhamahapatra et al. discovered that a phosphate to zirconium ratio of 2 yields 

the highest surface area as well as the highest concentration of total acid sites and Brønsted acid 

sites as determined by NH3-TPD and DRIFTS spectra for pyridine adsorption respectively.
229

  A 

further increase in phosphate loading (P/Zr ratio 3) resulted in a decrease in total acidity and 

Brønsted acidity.  They reasoned the decrease in Brønsted acidity was due to the formation of 

polyphosphate, which in turn diminishes the P-OH groups.  It is unlikely that these conclusions 

are entirely valid for this study, as the relative amounts of the polyphosphate species for ZrP2 

and ZrP3 are nearly identical (Table 13), whereas ZrP2 shows a higher concentration of acid 

sites compared to ZrP3.  However, it has been reported in the literature that the length of the 

polyphosphate chain is a function of the metal oxide to phosphate ratio.
262

  An increase in the 

polyphosphate chain length is observed with increased amounts of P2O5.  Determining the 

composition and chain length of the polyphosphate species was not a focus of this study, 

however differences in these parameters between ZrP2 and ZrP3 could be a reason for the 

discrepancies in their catalytic properties.  Another analogous study was reported by Mishra and 

Parida who examined the effect of sulphate loading on sulphated zirconia catalysts.
234
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According to their results, increasing the sulphate loading from 10 wt% to 15 wt% resulted in 

decreased sulphur content as determined by elemental analysis.  The increase in sulphate loading 

also resulted in inferior catalytic properties including lower surface area, lower overall acidity 

and decreased surface hydrophilicity.  Another study was carried out by Ahmed et al. on the 

effect of sulphate loading with sulphated zirconia.
263

  They incorporated SO4
2-

 in zirconia 

ranging from 5 to 30 wt% and found the catalyst with a loading of 15 wt% sulphate to possess 

the highest surface area, as well as highest total acidity and Brønsted to Lewis ratio.  

Consequently, this catalyst was found to exhibit optimal catalytic activity for ethanol 

dehydration. 
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CHAPTER 7 

Aqueous phase production of levulinic acid from cellulose 
 

 

 

The contents in this chapter are adapted from the following reference, Copyright (2012), reproduced by permission 

of The Royal Society of Chemistry: 

Weingarten, R.; Conner Jr, W. C.; Huber, G. W., Production of levulinic acid from cellulose by hydrothermal 

decomposition combined with aqueous phase dehydration with a solid acid catalyst. Energy and Environmental 

Science 2012, 5, 7559-7574.  
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7.1. Background 

 Herein, we introduce a process to produce levulinic acid from cellulose without the 

use of a homogeneous acid catalyst.  The first step consists of cellulose hydrothermal 

decomposition followed by conversion of the water-soluble organics to produce levulinic 

acid with a solid acid catalyst.  Amberlyst 70 was used as a solid acid catalyst for conversion 

of the water soluble organics into HMF, levulinic acid and formic acid. 

 The transformation of cellulosic biomass in aqueous media offers an environmentally 

friendly and economical route to produce targeted chemicals.  One distinct advantage of this 

technology is that the biomass feedstock can be directly converted without the need for an 

energy intensive pre-drying step.
264

  During hydrothermal treatment, water acts both as a 

reactant and catalyst.
265

  In particular, it has been shown that exposure to water at elevated 

temperatures and pressures can cause the cellulose crystalline structure to become 

amorphous.
266

  Glucose oligomers with a wide range of degrees of polymerization have also 

been detected during exposure of cellulose in hot-compressed water.
267

 

 Promising results have been reported for levulinic acid production from cellulosic 

biomass.  In their recent publication, Hongzhang and co-workers described the use of a solid 

superacid (S2O8
2-

/ZrO2‒Si 2‒Sm2O3) to produce levulinic acid from rice straw.
268

  At their 

optimal conditions they obtained a molar carbon yield of 58% (70% of the theoretical) from 

the cellulose portion of the rice straw following a pretreatment procedure that included 

exposure to steam and superfine grinding of the rice straw.  These results were achieved for a 

solid acid catalyst concentration of 13.3 wt%, which corresponds to more than four times the 

cellulose weight content in the feedstock.  Likewise, they performed catalyst recycle studies 
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which resulted in a 50% and 67% loss of activity following the second and third use of the 

catalyst respectively.  The decrease in activity was attributed to the loss of active sties on the 

solid acid catalyst.  Catalytic activity was not fully recovered despite regeneration of the 

catalyst.  Van de Vyver et al. showed that levulinic acid can be produced directly from 

cellulose at 25% carbon molar yield (30% of the theoretical) at mild temperatures using 

sulfonated hyperbranched poly(arylene oxindole)s.
269

  These are a new class of water-soluble 

acid catalysts which can be separated post-reaction by ultrafiltration.  Another interesting 

concept was reported by Lai et al. in which they used sulfonated mesoporous silica modified 

with magnetic iron oxide particles (Fe3O4-SBA-SO3H) to produce levulinic acid from 

cellulose.
270

  They obtained a carbon molar yield of 38% (45% of the theoretical) after 12 h 

at 150°C with a feedstock concentration of 10 wt%.  They were able to separate and recycle 

the magnetic catalyst after reaction when a magnetic field was applied.   

 Acidic ion-exchange polymer resins such as Nafion and Amberlyst have been shown 

to be effective catalysts for a wide range of acid-catalyzed reactions due their relatively high 

concentrations of Brønsted acid sites.
138, 149

  As we have shown in Chapter 3, dehydration 

reactions using Amberlyst 70 and Nafion SAC-13 showed similar selectivities to HCl due to 

their inherently high concentration of Brønsted sites.  Early work with acidic ion exchange 

resins to produce levulinic acid from carbohydrates showed relatively low levulinic acid 

yields of 8% (9% of the theoretical) and 30% molar carbon (36% of the theoretical) from 

glucose and fructose respectively.
271

  These studies were carried out at relatively low 

temperatures, and thus endured relatively low reaction rates, due to the limited thermal 

stability of the ion resins.
272

  Lucht and co-workers have been able to produce glucose and 
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levulinic acid from cellulose with Nafion SAC-13.
273

  They studied the effect of NaCl on 

these reactions and found the yield of levulinic acid to increase five-fold from 14% (of the 

theoretical) with just water as the solvent to 72% (of the theoretical) in a 25% NaCl 

solution.
274

   

 

7.2. Experimental 

7.2.1. Catalyst preparation and characterization 

 The zirconium phosphate catalyst (ZrP) was prepared as mentioned in the previous  

chapters.  The Amberlyst 70 (Dow Chemical) was prewashed with DI water to remove any 

excess acid (pH of filtrate was 5) and then used in its wet form.  Hydrochloric acid was 

supplied by Fisher Scientific.  Ytterbium trifluoromethanesulfonate hydrate, Yb(OTf)3, was 

supplied by Strem Chemicals. 

 Total acid sites were determined by ammonia-temperature programmed desorption 

(NH3-TPD)
141

 with a Quantachrome ChemBET Pulsar
TM

 TPR/TPD Automatic 

Chemisorption Analyzer coupled with a TCD to quantify the ammonia desorbed from the 

sample.  A sample of 300 mg was initially degassed at 673 K for 2 h under a constant helium 

flow of 12 mL min
-1

 (Airgas, UHP).  The sample was cooled to room temperature and 

ammonia (Airgas, electronic grade) was adsorbed at 373 K for 30 min. to reach saturation.  

Afterwards, the ammonia supply line was shut off and helium was purged at 12 mL min
-1 

for 

1.5 h to remove any physically adsorbed ammonia.  The sample was then heated at a rate of 

10 K min
-1

 from 373 to 973 K under a constant helium flow of 12 mL min
-1

.  The sample was 

held at the temperature set point for an additional 1.5 h.  The total acidity of Amberlyst 70 
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was taken from the manufacturer. 

 The BET surface areas were determined by nitrogen adsorption at 77 K using a 

Quantachrome Autosorb
®

 iQ2 automated gas sorption system.  Initially, the Amberlyst 70 

was dried overnight at 383 K, crushed and sieved to a particle size of ≤ 125 μm.  ZrP was 

degassed at 523 K for 24 h and Amberlyst 70 was degassed at 423 K for 24 h prior to 

analysis.  An eleven-point BET analysis was performed ranging from 0.05 to 0.3 relative 

pressure P/Po and the BET “C” constant recorded. 

 X-ray diffraction patterns were obtained using a Philips  ’Pert Pro diffractometer 

equipped with a  ’Celerator detector.  An accelerating voltage of 45 kV was used at 36 mA.  

Powder samples were placed on a glass slide sample holder. 

 

7.2.2. Reaction experiments 

 Batch reactions were carried out in 100 and 160 mL reactor vessels provided by Parr 

Instrument Company, series 4560.  The feedstock solutions were prepared with DI water at 

the specified concentrations.  Microcrystalline cellulose (Avicel
®

 PH-101) with a particle 

size of approximately 50 μm was provided by Sigma Aldrich.   lucose was provided by 

Fisher Scientific.  Temperatures in the reactor were measured by a thermocouple in the 

solution.  Time zero in the reaction was defined as the time when the reactor reached the 

desired temperature.  Depending on the reaction temperature, the heat up time ranged from 

10 to 40 minutes. All reaction solutions were mixed at a maximum constant rate of 600 rpm 

using an internal stirrer.  The temperature and stirring were controlled by a 4848 Controller 

provided by Parr.  The reaction vessel was initially pressurized to 600-750 psi with industrial 
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grade helium (Airgas).  Liquid samples were taken periodically by way of a sampling port 

with a dip tube immersed in the reaction mixture.  A stainless steel woven wire cloth, mesh 

size 400x400 provided by McMaster-Carr, was wrapped around the dip tube to prevent loss 

of solids and clogging during sampling.  The samples were immediately quenched in an ice 

water bath and filtered with a 0.2 μm syringe filter prior to analysis.  The reactor was 

repressurized with helium after each sampling.  In cases when sampling was not feasible, the 

entire reactor was immersed in an ice bath to rapidly quench the reaction. 

 

7.2.3. Analysis 

 Liquid samples were analyzed by high pressure liquid chromatography (HPLC) with a 

Shimadzu
©

 LC-20AT.  Carbohydrates were detected with a RI detector (RID-10A) and 

products were detected with a UV-Vis detector (SPD-20AV) at wavelengths of 210 and 254 

nm.  The column used was a Biorad
©

 Aminex HPX-87H sugar column.  The mobile phase 

was 0.005 M H2SO4 flowing at a rate of 0.6 mL/min.  The column oven was set to 30 °C.  

The total organic carbon (TOC) measurements were performed with a Shimadzu
©

 TOC-

VCPH Analyzer.  TOC calibration standards were prepared with carbon standards supplied 

by SpectroPure.  For the purpose of this study, humins were considered all non-detectable 

compounds.  These undesired compounds can be further distinguished as water-soluble and 

insoluble humins. 

 Solid samples were pyrolized in a DSC–TGA (TA instruments SDT Q600 system).  

Approximately 15–30 mg of initial solid was loaded for each run and degassed at 383 K for 1 

h under a constant helium flow of 100 mL min
-1

 (Airgas, UHP).  Samples were cooled and 
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then heated linearly at a rate of 15 K min
-1

 from 333 to 1073 K under a constant helium flow 

of 100 mL min
-1

.  TGA was used to measure the weight changes of the residual mass. 

 In this study, conversion was defined as the ratio of moles of feed (nfeed) that reacted, 

obtained from HPLC analysis, divided by the initial moles of feed loaded in the reactor:  

  

                    
            

           

            

 (22) 

 

Unless otherwise mentioned, carbon selectivity of product i was defined as the ratio of moles 

of product i (ni), as determined by HPLC analysis, multiplied by the number of carbon atoms 

of product i (Ci), divided by the moles of feed (nfeed) that reacted multiplied by the number of 

carbon atoms of feed (Cfeed): 

                               
     

                   
           

 
 (23) 

 

Carbon yield of product i was defined as the ratio of moles of product i (ni) multiplied by the 

number of carbon atoms of product i (Ci), divided by initial moles of feed (nfeed) loaded in the 

reactor multiplied by the number of carbon atoms of feed (Cfeed): 

                         
     

                  

 (24) 

 

7.3. Results 
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7.3.1. Production of levulinic acid from aqueous glucose solutions with solid acid catalysts 

 Aqueous-phase glucose dehydration studies were carried out in a batch reactor with 

solid acid catalysts, including ZrP and Amberlyst 70, at 160 °C with the concentration of 

total acid sites held constant at 0.1 M (determined by NH3-TPD or taken from manufacturer).  

The characterization data for the solid acid catalysts appear in Table 16. 

Table 16. Characterization of solid acid catalysts.
d
 

Catalyst BET surface area (m
2
 g

-1
) 

a
 Total acid sites (mmol g

-1
) 

ZrP 313 2.15 
b
 

Amberlyst 70 0.54 2.86 
c
 

a BET “C” constant is 101 for ZrP and 46 for Amberlyst 70. 
b Determined by NH3-TPD. 
c Data provided by manufacturer. 
d Reproduced from ref.255 by permission of The Royal Society of Chemistry. 

 

 

 Figure 41 depicts glucose conversion and yields of the key products as a function of 

reaction time.  Experiments were also carried out with a homogeneous acid catalyst (HCl) for 

comparison.  As shown in Figure 41(a), the catalytic activity based on glucose conversion 

was found to be comparable for all of the catalysts tested, homogeneous and heterogeneous 

alike.  The blank run (without a catalyst) showed a lower rate of glucose conversion.  With 

respect to HMF production, the most selective catalyst was ZrP, with a maximum attainable 

carbon yield of 21% after 120 min.  ZrP showed the lowest selectivity towards levulinic acid 

production.  This could be due to the presence of Lewis acid sites on the ZrP, as suggested 

by separate studies that we performed with homogeneous Brønsted and Lewis acid catalysts 

(refer to Figure A.6 in the Appendix).  With respect to levulinic acid production, HCl had the 

highest yield, followed by Amberlyst 70.  As shown in Figure 41(c), levulinic acid yield 
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increased with reaction time with the Amberlyst 70 catalyst and reached a 33% carbon yield 

after 4 h. 

 

Figure 41. Aqueous phase acid-catalyzed glucose dehydration in a stirred batch reactor at 160 

°C.  Effect of catalyst on (a) glucose conversion; (b) HMF carbon yield; (c) levulinic acid carbon 

yield.  Feed was 10 wt% glucose aqueous solution.  Catalyst concentration was 0.1 M total acid 

sites (for solid acid catalysts this was determined by NH3-TPD or taken from manufacturer).  

Catalysts: HCl (), ZrP (), Amberlyst 70 (), blank ().  Reproduced from ref.
255

 by 

permission of The Royal Society of Chemistry. 
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rate of levulinic acid production compared to ZrP.  The effect of reaction temperature on the 

conversion of glucose to HMF and levulinic acid is shown in Figure 42.  As shown in Figure 

42(a), the HMF selectivity increases with temperature.  The reason is that glucose 

dehydration to HMF has a relatively higher apparent activation energy barrier step compared 

to HMF conversion to levulinic acid, as shown in Chapter 5.  Levulinic acid selectivity 

increased with glucose conversion and was similar for all temperatures.  Nevertheless, a 

closer look at Figure 42(b) shows that the highest levulinic acid selectivity at high glucose 

conversion was obtained at 160 °C.  The selectivity to total humins production (soluble and 

insoluble) at nearly full glucose conversion was the lowest at 160 °C.  Accordingly, all 

additional acid-catalyzed aqueous phase reactions were performed with Amberlyst 70 as a 

solid acid catalyst at 160 °C.  
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Figure 42. Aqueous phase glucose dehydration in a stirred batch reactor with Amberlyst 70.  

Effect of temperature on carbon selectivity for (a) HMF; (b) levulinic acid; (c) total humins.  

Feed was 10 wt% glucose aqueous solution.  Catalyst concentration was 0.1 M total acid sites 

(concentration of acid sites was taken from manufacturer).  T (°C) = 150 (), 160 (), 170 (), 

180 ().  Reproduced from ref.
255

 by permission of The Royal Society of Chemistry. 
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The catalytic activity as well as the selectivity toward HMF and levulinic acid were retained, 

as compared with reaction with fresh (not pre-exposed to hot DI water) Amberlyst 70 (refer 

to Figure A.7 in the Appendix).  The filtrate from the original test was mixed with glucose to 

produce an aqueous solution of 10 wt% glucose.  We then proceeded to dehydrate the 

glucose in a blank experiment (no additional catalyst).  An equivalent blank study was also 

carried out for an aqueous solution of 10 wt% glucose consisting of clean DI water.  Figure 

A.8 in the Appendix shows that comparable product yields were obtained for both blank 

experiments.  Overall, these results indicate that Amberlyst 70 was stable under  the reaction 

conditions tested in this study. 

 Further studies were also carried out to test for the recyclability and regeneration of 

Amberlyst 70.  The used catalyst was recovered with vacuum filtration and prewashed with 

DI water (pH of filtrate was 5) before it was recycled.  The regeneration process consisted of 

washing the fouled catalyst with excess solution of 1 N sodium hydroxide at 50 °C to remove 

solid humins deposited on the catalyst.  The catalyst was then washed with DI water at 50 °C 

to remove any excess base and reprotonated with 2 N sulfuric acid solution at room 

temperature.  The regenerated catalyst was washed with DI water (pH of filtrate was 5) 

before the reaction.  Figure A.9 in the Appendix shows the catalytic activity based on 

glucose conversion for the fresh, recycled and regenerated catalyst.  The recycled catalyst 

showed higher conversion rates than the fresh catalyst.  We suspect that this is due to 

residual acids on the catalyst that were not removed during the prewashing step.  Likewise, 

the catalytic activity was not fully recovered after regeneration.  The recycled catalyst 

showed lower carbon selectivity towards levulinic acid production, as shown in Figure A.10 
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in the Appendix.  Levulinic acid selectivity increased after catalyst regeneration, though it 

remained lower than that of the fresh batch.  It is notable to mention that the volume of the 

sodium hydroxide solution used may vary according to the degree of fouling on the resin.  

Therefore, insufficient washes with the basic solution during the regeneration process could 

be a plausible cause to the irrecoverable activity and selectivity.     

 

7.3.2. Aqueous phase decomposition of cellulose with ZrP  

 Hydrothermal decomposition studies of cellulose were carried out in a batch reactor at 

temperatures 190-270 °C with initial cellulose loadings of 4 wt% (concentration calculated 

according to cellulose and water content).  The solid acid catalyst ZrP (4 wt% loading 

according to catalyst and water content) was used due to its increased thermal stability 

compared to Amberlyst 70.
146

  Amberlyst 70 is known to decompose at temperatures above 

190 °C.  Figure 43 shows the total water-soluble organic carbon yield of the products.  This 

was defined as the ratio of water-soluble organic carbon obtained by TOC analysis divided 

by the initial carbon content from the glucosyl units (molecular weight of 162) present in the 

cellulose feedstock.  Cellulose solubilization increased with temperature at short reaction 

times.  The carbon yield decreased with increasing reaction times for all temperatures above 

220 °C.  This decrease in water-soluble organic carbon is caused by the formation of water-

insoluble humins.  At higher temperatures only decreases in the yields were detected, 

suggesting that in these cases the cellulose hydrolyzed during the reactor heat up.  It typically 

took 10 to 40 minutes for the reactor to heat to the reaction temperature.  The maximum yield 

of water-soluble organics was 61% at 250 °C at time 0 (time when the reactor reached the 
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desired temperature).  Overall, a higher yield of water-soluble products can be achieved at 

relatively higher temperatures and shorter reaction times.  Solid humins were deposited on 

the solid acid catalyst for all of the reactions performed with ZrP. 

 

Figure 43. Aqueous phase cellulose decomposition with ZrP in a stirred batch reactor.  Total 

water-soluble organic carbon yield as a function of reaction time.  Initial cellulose and catalyst 

loadings were 4 wt% of total.  T (°C) = 190 (), 220 (), 250 (), 270().  Reproduced from 

ref.
255

 by permission of The Royal Society of Chemistry. 

 

 Figure 44 depicts the carbon yield of the major products from cellulose hydrolysis 

with ZrP as a solid acid catalyst.  These included glucose, HMF, levulinic acid and water-

soluble humins.  Glucose and HMF showed similar trends in which optimum yields were 

obtained at 250 °C and relatively short reaction times.  This is consistent with our kinetic 

model that we derived for levulinic acid production from glucose in Chapter 5.  In this model 

HMF production is maximized at relatively higher temperatures and shorter reaction times.  
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A sharp decrease in glucose and HMF content was observed at 270 °C due to the increased 

formation of humins, which was attributed to the rather long heat up stage of the reactor 

(approximately 40 minutes to reach 270 °C).  The highest yields of glucose and HMF 

obtained from cellulose with ZrP were 9 and 20% respectively, at 250 °C at time 0.  

 

Figure 44. Aqueous phase cellulose decomposition with ZrP in a stirred batch reactor.  Water-

soluble organic carbon yield of (a) glucose, (b) HMF, (c) levulinic acid, (d) soluble humins.  

Initial cellulose and catalyst loadings were 4 wt% of total.  T (°C) = 190 (), 220 (), 250 (), 

270().  Reproduced from ref.
255

 by permission of The Royal Society of Chemistry. 
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 Levulinic acid yield production increased systematically with reaction time, reaching 

a plateau at 14% carbon yield at 220 °C.  At 190 °C there was a continuous increase of 

levulinic acid carbon yield throughout the entire reaction time.  Consequently, according to 

Figure 44(b), HMF content was the highest for 190 °C at prolonged reaction times.  We have 

shown in previous studies that HMF rehydration to produce levulinic acid is favorable at 

relatively lower temperatures ranging from 150-160 °C due to a parallel high activation 

energy step for HMF decomposition to produce humins.
175

  Consistent with this observation, 

Figure 44(d) reveals that the yield of soluble humins decreases at lower temperatures.  Patil 

and Lund have proposed that the acid-catalyzed conversion of HMF to form humins is 

primarily by way of aldol addition and condensation reactions.
275

 

 The product distribution of water-soluble organic carbon as a function of reaction 

time appears in Figure 45 for temperatures 190-270 °C.  This was defined as the ratio of 

carbon content attributed to each detectable product, as determined by HPLC analysis, to the 

total water-soluble organic carbon obtained by TOC analysis.  In general, the selectivity 

toward desirable products (glucose, HMF, levulinic acid, formic acid) increases as the 

reaction temperature decreases.  Additional byproducts including fructose, cellobiose, 

levoglucosan and furfural were also detected.  Furfural has been reported to come from HMF 

via loss of formaldehyde.
180-183

  The carbon yield to furfural was less than 5% in this study.  

Cellobiose was present at less than 1% carbon yield and its presence could be attributed to 

the depolymerization of cellulose via cellooligomers
17, 276, 277

 and/or reversion reactions from 

glucose.
166, 184, 185

  Levoglucosan (present at less than 2% carbon yield) has also been 

reported to be formed from glucose reversion reactions.
166

  Finally, small amounts of 



155 

 

  

fructose were also accounted for at less than 1% carbon yield.  It has been proposed that 

epimerization reactions with glucose could lead to its formation.
184

  The presence of 

qualitative amounts of mannose in this study supports this last claim. 

 

Figure 45. Water-soluble organic carbon product selectivity for the aqueous phase cellulose 

decomposition with ZrP in a stirred batch reactor for T (°C) = (a) 190 (b) 220, (c) 250, (d) 270.  

Initial cellulose and catalyst loadings were 4 wt% of total.   glucose;  fructose;  cellobiose; 

 levoglucosan;  HMF;  furfural;  levulinic acid;  formic acid;  humins.  Reproduced 

from ref.
255

 by permission of The Royal Society of Chemistry. 
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7.3.3. Non-catalyzed hydrothermal decomposition of cellulose 

 Equivalent experiments to those with ZrP were carried out for cellulose hydrothermal 

decomposition without the presence of an acid catalyst.  Figure A.11 in the Appendix shows 

the total water-soluble organic carbon yield, as determined by TOC analysis.  Similar trends 

to those in Figure 43 were observed without an acid catalyst.  However, it is apparent that the  

total water-soluble carbon yield was higher with ZrP at lower temperatures (i.e. 190 °C).  

Conversely, at temperatures 250-270 °C, a slightly higher yield was obtained for the 

reactions without a catalyst with a maximum value of 65% of water-soluble organics at 270 

°C at the initial time.  The maximum yield of water-soluble organic carbon obtained with ZrP 

was 61% at 250 °C at time 0.  This suggests that degradation reactions are enhanced by the 

acid catalyst ZrP at temperatures above 220 °C. 

 Figure A.12 in the Appendix depicts the carbon yield of the major products from 

cellulose hydrothermal decomposition without a solid acid catalyst.  More glucose was 

obtained without the solid acid catalyst for all temperatures, with a maximum glucose carbon 

yield of 16%.  HMF yields were also higher throughout the entire reaction time without the 

solid catalyst with a maximum HMF yield of 22% carbon.  Lower levulinic acid 

concentrations were observed without an acid catalyst (maximum 7% yield at 220 °C after 3 

h), signifying that HMF rehydration to form levulinic acid has a higher rate of reaction with 

the solid acid than without.  This is consistent with our findings in Figure 41(c).  

 Product distribution of the water-soluble organic carbon for non-catalyzed cellulose 

hydrothermal decomposition appears in Figure A.13 in the Appendix.  Similar to its acid-

catalyzed counterpart (Figure 45), the selectivity toward desirable products (glucose, HMF, 
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levulinic acid, formic acid) is favorable at relatively lower temperatures.   The same 

byproducts were observed as in the acid-catalyzed decomposition.  The highest combined 

selectivity of detectable compounds for both acid-catalyzed and non-catalyzed cellulose 

decomposition was 80% at 190 and 220 °C respectively for an initial cellulose loading of 4 

wt%.  Nevertheless, the product distribution for non-catalyzed cellulose decomposition 

favors more glucose and HMF and less levulinic acid compared to cellulose decomposition 

catalyzed by ZrP. 

 As mentioned earlier, in this study, water-soluble humins were considered as all non-

detectable compounds in the aqueous phase.  These include any water-soluble cellulose 

oligosaccharides not detected with HPLC analysis, which could potentially be converted to 

valuable products.  Therefore, a separate study was carried out on selected samples from both 

series of experiments (acid-catalyzed and non-catalyzed) to account for oligosaccharides 

produced from cellulose decomposition.  Various studies have suggested that the cellulose 

decomposition pathway begins first with a hydrolysis step that produces water-soluble 

compounds.
265, 278

  The procedure to convert the oligosaccharides to monosaccharides was 

taken from the literature
279

 and consisted of hydrolyzing the product solutions in a 0.5 M 

sulfuric acid solution at 100 °C for 3 h.  The resulting solutions were filtered with a 0.2 μm 

syringe filter and analyzed by way of HPLC and TOC.  For all hydrolyzed samples, the 

carbon yield of water-soluble humins decreased while the carbon yield of glucose increased, 

thus confirming the presence of cellulose oligosaccharides in the samples.  Additionally, the 

HMF content decreased and levulinic acid increased.  TOC analysis revealed a lower organic 

carbon content for all hydrolyzed samples, indicating the formation of insoluble humins 
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during the hydrolysis procedure.  The latter could be due to acid-catalyzed decomposition 

reactions associated with glucose and/or HMF.
175

  As a result of these undesired reactions, 

quantitative assessments of the cellulose oligosaccharides could not be determined. 

 The overall reaction scheme for aqueous phase levulinic acid production from 

cellulose appears in Figure 46.  This is complementary to the reaction scheme for levulinic 

acid production from glucose which appears in Figure 31.  Cellulose initially hydrothermally 

decomposes to form water-soluble compounds, including glucose and oligosaccharides.  

These water-soluble oligosaccharides can further hydrolyze to form cellobiose.   Humins are 

both water soluble and water insoluble.  Water-soluble humins polymerize with time to form 

water-insoluble compounds.  A detailed description of the reaction scheme appears in 

Chapter 6. 

 

Figure 46. Overall reaction scheme for aqueous phase acid-catalyzed production of levulinic 

acid from cellulose by hydrothermal decomposition.  Reproduced from ref.
255

 by permission of 

The Royal Society of Chemistry. 
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 Further cellulose decomposition studies were performed without a solid acid catalyst 

to investigate the effect of initial cellulose loading.  Based on the results shown earlier, the 

use of a solid acid catalyst, such as ZrP, was not found to be advantageous compared to non-

catalyzed cellulose decomposition, in terms of maximizing the amount of water-soluble 

organic carbon.  In addition, increased formation of humins was observed with ZrP.  

Therefore, not using a solid catalyst for cellulose depolymerization also avoids the need to 

regenerate the solid acid catalyst prior to reuse.  Figure 47 shows the total water-soluble 

organic carbon yield and product distribution as a function of initial cellulose loading at a 

constant reaction condition of 220 °C and 30 minutes.  The total carbon yield was 

comparable for all cellulose loadings up to 17 wt%, with an average of 21%.  A cellulose 

loading of 29 wt% resulted in the highest total carbon yield (32%) along with the highest 

selectivity of non-humin products in the aqueous phase (around 90%).  This increase in 

 yield at cellulose loading of 29 wt% could be attributed to a relatively higher concentration 

of organic acids present in the aqueous solution which might catalyze the hydrolysis 

reaction.
280

  This could also be the reason for the higher selectivities of levulinic acid 

observed at the higher cellulose loadings.  Further increasing the cellulose concentration to 

38 wt% caused a decrease in the yield along with a decrease in the combined selectivity.  

This could be due to insufficient water which could hinder the decomposition of cellulose 

and also cause inadequate mixing of the solids in the reactor. 
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Figure 47. Non-catalyzed hydrothermal decomposition of cellulose in a stirred batch reactor at 

220 °C and 30 min.  Effect of initial cellulose loading on (a) total water-soluble organic carbon 

yield and (b) water-soluble organic carbon product selectivity.   glucose;  fructose;  

cellobiose;  levoglucosan;  HMF;  furfural;  levulinic acid;  formic acid;  humins.  

Reproduced from ref.
255

 by permission of The Royal Society of Chemistry. 
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carried out in a batch reactor.  The reaction conditions chosen for the first step (cellulose 

decomposition) were 220 °C for 30 min. at an initial cellulose loading of 29 wt%.  These 

conditions showed the highest selectivity and yield of water-soluble compounds, as shown in 

Figure A.13(b) and Figure 47.  The reaction was quenched by immersing the entire reactor 

into an ice bath, as sampling through the sample port was not feasible due the high loading of 

cellulose.  DI water was used to dilute the reactor contents and the solids were separated with 

vacuum filtration.  The solids were then washed with acetone to remove any acetone-soluble 

humins and dried overnight at 110 °C.  The final solid phase, which consisted of unreacted 

cellulose and insoluble humins, was then reloaded to the reactor with clean DI water (29 wt% 

solids loading) to further decompose the unreacted cellulose. 

 The product distribution and yields of the key water-soluble products obtained from 

the cellulose decomposition step appear in Tables 17 and 18 respectively.  Cellulose 

conversion was calculated based on the weight of unreacted cellulose in the residual solid 

phase.  Pyrolysis experiments were carried out in a DSC-TGA instrument to determine the 

weight fraction of cellulose in the solid phase.  Initially, the weight change of the residual 

mass of the sample was recorded as a function of time and normalized according to the mass 

of the sample at time zero.  Time zero was considered at 100 °C during the pyrolysis segment 

of the method.  The derivative weight was then calculated, defined as the ratio of the change 

in normalized mass to the change in temperature.  Figure 48 depicts the derivative weight 

and solids conversion as a function of temperature in the range of 500-700 K.  As shown in 

Figure 48(a), pyrolysis of pure cellulose generates a distinct derivative peak within this 

range.  Pyrolysis of recycled samples results in the broadening and shifting of this 
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characteristic peak.  This is due to a decrease in the crystallinity of the cellulose.  XRD 

measurements of pure cellulose and the recycled samples confirm this claim, as shown in 

Figure 49.
281, 282

  The cellulose weight fraction in the solid phase was proportional to the 

ratio of the peak area corresponding to the sample and pure cellulose. 

 

Figure 48. Pyrolysis of solid samples recovered from non-catalyzed hydrothermal 

decomposition of cellulose at 220 °C with recycling of solids.  Each cycle reaction time was 30 

min.  (a) weight derivative; (b) percent of solid pyrolyzed.  Reproduced from ref.
255

 by 

permission of The Royal Society of Chemistry. 
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 Alternatively, conversion data (percent of solid pyrolyzed), as shown in Figure 48(b), 

can also be used to determine the cellulose weight fraction.  This was calculated as the ratio 

of the conversion obtained with a solid sample to that of pure cellulose.  This technique is 

accurate under the assumption that only the cellulose portion of the solid is pyrolyzed.  This 

was true for all samples, except for the solid sample recovered after 3 cycles.  Otherwise, the 

calculated weight fractions of cellulose using both techniques were comparable.  Figure 50 

depicts the product distribution of the water-soluble products for each separate cycle run.  

Comparable selectivities were obtained for the first two cycle studies.  The third cycle 

showed a lower selectivity, apparently due to the negligible conversion of cellulose during 

this cycle. 

 

Figure 49. X-ray diffraction patterns of solid samples recovered from hydrothermal 

decomposition of cellulose without a solid acid catalyst at 220 °C with recycling of solids.  Each 

cycle reaction time was 30 min.  (a) pure cellulose; (b) after 1 cycle; (c) after 2 cycles; (d) after 3 

cycles.  Reproduced from ref.
255

 by permission of The Royal Society of Chemistry. 
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Table 17. Product distribution from non-catalyzed hydrothermal decomposition of cellulose in a 

stirred batch reactor at 220 °C with recycling of solids.  Initial solids loading for each cycle was 

29 wt%.  Each cycle reaction time was 30 min.
b
 

Cycle 

Cumulative cellulose 

conversion (%) 

Cumulative carbon selectivity (%) Cumulative carbon yield (%) 

Usable 

organics 
a
 

Water-

soluble 

humins 

Insoluble 

humins 

Usable 

organics 
a
 

Water-

soluble 

humins 

Insoluble 

humins 

1 51.8 64.7 7.2 28.1 33.5 3.7 14.6 

2 93.3 48.0 5.8 46.2 44.7 5.4 43.2 

3 100.0 44.9 5.5 49.6 44.9 5.5 49.6 
a
 includes: glucose, fructose, cellobiose, levoglucosan, HMF, furfural, levulinic acid, formic acid. 

b
 Reproduced from ref.

255
 by permission of The Royal Society of Chemistry. 

 

 

 

Table 18. Carbon yields of key water-soluble products from non-catalyzed hydrothermal 

decomposition of cellulose in a stirred batch reactor at 220 °C with recycling of solids.  Initial 

solids loading for each cycle was 29 wt%.  Each cycle reaction time was 30 min.
a
 

Cycle 

Cumulative carbon yield (%) 

Glucose HMF Levulinic acid Formic acid 

Water-soluble 

humins 

Total water-soluble 

compounds 

1  19.29 7.17 1.58 1.34 3.7  37.3 

2  24.54 9.92 2.89 2.25 5.4 50.2 

3  24.57 9.93 2.93 2.26 5.5 50.4 
a
 Reproduced from ref.

255
 by permission of The Royal Society of Chemistry. 

 

  

 A separate study for cellulose decomposition along with recycling of solids was also 

performed at a lower temperature and longer reaction time (170 °C for 4 h each cycle) for 

comparison purposes.  The results appear in Table A.3 and Figure A.14 in the Appendix.  

The overall cellulose conversion after 6 cycles at these conditions was only 42%, whereas 

nearly full cellulose conversion was obtained following 2 cycles at 220 °C and 30 min.  

Consequently, the carbon yield of usable organics (includes: glucose, fructose, cellobiose, 
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levoglucosan, HMF, furfural, levulinic acid, and formic acid) after 6 cycles at 170 °C and 4 h 

was half of that obtained at 220 °C and 30 min. (23% and 45% respectively).  The product 

distribution in the aqueous phase was similar for all cycles at 170 °C and 4 h.  Lastly, the 

selectivity to usable organics decreased with cellulose conversion for both reaction 

conditions, as shown in Figure A.15 in the Appendix.  However, the selectivity to usable 

organics was higher at 220 °C and 30 min. when compared at a constant cellulose 

conversion. 

 

Figure 50. Water-soluble organic carbon product selectivity for each recycle run from non-

catalyzed hydrothermal decomposition of cellulose in a stirred batch reactor at 220 °C.  Initial 

solids loading for each cycle was 29 wt%.  Each cycle reaction time was 30 min.   glucose;  

fructose;  cellobiose;  levoglucosan;  HMF;  furfural;  levulinic acid;  formic acid;  

humins.  Reproduced from ref.
255

 by permission of The Royal Society of Chemistry. 
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 The aqueous phase obtained from the cellulose decomposition step at 220 °C and 30 

min. was further reacted with Amberlyst 70 to produce levulinic acid from the water-soluble 

compounds.  Figure 51 shows the carbon yield of the key compounds.  Glucose and HMF 

content decrease with time as they react to produce levulinic acid, formic acid and humins.  

Levulinic acid carbon yield reached 21% after 8 h at 160 °C.  This value is 50% higher than 

that obtained from cellulose decomposition with ZrP at 220 °C (refer to Figure 44(c)).  

 

Figure 51. Aqueous phase solid acid-catalyzed conversion of water-soluble organics obtained 

from hydrothermal decomposition of cellulose with solids recycling at 220 °C.  Product yields as 

a function of reaction time for 160 °C.  Catalyst was Amberlyst 70 at a loading of 0.1 M total 

acid sites (acid sites concentration taken from manufacturer).  Products: glucose (), HMF (), 

levulinic acid (), formic acid (), water-soluble and insoluble humins ().  Reproduced from 

ref.
255

 by permission of The Royal Society of Chemistry. 

  

0 100 200 300 400 500 600
0

3

6

9

12

15

18

21

24

27

 

 

C
a
rb

o
n
 y

ie
ld

 (
%

)

time (min.)



167 

 

  

7.4. Discussion 

7.4.1. The effect of water in cellulose hydrothermal decomposition 

 We have shown in this study that hydrothermal decomposition of cellulose can 

selectively produce valuable water-soluble compounds at high initial loadings of cellulose 

and moderate temperatures (190-270 °C).  The effect of water on this class of reactions has 

been studied extensively and has appeared as a central theme of various literature reviews.
18, 

283, 284
  In addition to solvation effects, water can also behave as a reactant and a catalyst.

283
  

In part, this phenomenon is due to the distinct properties that water exhibits at elevated 

temperatures and pressures.  For example, the equilibrium constant for the ionization of 

water (Kw = [H3O
+
][OH

-
] = 1.010

-14
 at 25 °C) near the critical temperature is about 3 

orders of magnitude higher than that for ambient liquid water, which can be advantageous for 

acid- and base-catalyzed reactions.
283

  Vàrhegyi and co-workers studied the effects of water 

on the reaction mechanism of cellulose thermal decomposition and discovered that cellulose 

decomposition was enhanced in the presence of water.
265

  They derived a kinetic model 

consisting of two steps for cellulose decomposition in the presence of water applicable for a 

temperature range of 270-300 °C.  According to their model, cellulose is hydrolyzed in the 

presence of water to produce water-soluble products (intermediates), which can then further 

decompose to form char, water and gases.  Minowa et al. proposed a similar model for 

cellulose decomposition in hot-compressed water under catalyst-free conditions.
278

 

 An alternative method to decompose cellulose is by pyrolysis where the cellulose is 

thermally decomposed without water in an oxygen-free environment.  Cellulose pyrolysis is 

governed by three primary reactions depicted by the Broido-Shafizadeh model.
285

  An 
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“initiation” reaction first leads to form “active” cellulose from cellulose.  This species 

subsequently decomposes by way of two parallel routes to form anhydrosugars
286

 alongside 

char, gases and water.  Cho et al. have measured the kinetic and thermodynamic parameters 

for this proposed model valid for the temperature range of 240-750 °C.
287

  To demonstrate 

the catalytic effect of water on cellulose decomposition, we compared between the rate 

constant reported by Cho et al. for cellulose pyrolysis and that of Vàrhegyi et al. for 

cellulose decomposition in the presence of water, both at a reaction temperature of 280 °C.  

Based on these references we can calculate that the  rate constant for cellulose decomposition 

at 280 °C in the presence of water (0.0304 L g
-1

 min.
-1

) is nearly fivefold the rate constant 

obtained for cellulose pyrolysis at the same temperature without the presence of water 

(0.0063 min.
-1

).  The former consists of a second order reaction with dependence on the 

amount of water present expressed in units of [g L
-1

].  This finding agrees with our results for 

cellulose hydrothermal decomposition.  In our studies the cellulose decomposed almost 

entirely within a time frame of hours, whereas according to the data from Cho et al.,
287

 

cellulose pyrolyzed within days in this same temperature range.  This provides clear evidence 

that the rate of cellulose decomposition is enhanced by the presence of water. 

 

7.4.2. Conceptual design for levulinic acid production from cellulose   

 A conceptual process for the production of levulinic acid from cellulose is proposed 

and analyzed based on the experiments carried out in this study.  The process flow diagram 

appears in Figure 52.  The material balance for the process is given in Table 19.  The data for 

Streams 1 to 13 were based on experimental results in this study.  A water balance was 
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carried out for the process by performing an oxygen balance around each reactor.  For this 

purpose it was assumed that no gasification occurred during the reaction due to the relatively 

low temperature of Reactor 1.
278

  The oxygen content of the water-soluble and insoluble 

humins was taken from previous studies.
288, 289

   

 

Figure 52. Process flow diagram for the production of levulinic acid from cellulose by way of 

hydrothermal decomposition in Reactor 1 followed by aqueous phase solid acid catalyzed 

dehydration in Reactor 2, along with recycling of solids.  Reproduced from ref.
255

 by permission 

of The Royal Society of Chemistry. 

 

 In this process, water (Stream 1) and fresh cellulose (Stream 2) are mixed to form a 

slurry solution (Stream 3) containing 29 wt% solids.  This stream is then mixed with the 

recycle stream (Stream 13) to make up Stream 4.  The recycle stream consists of a slurry 

solution containing water, unreacted cellulose and water-insoluble humins, making a 

combined total of 29 wt% solids.  The recycle ratio was defined as the ratio of the recycle 

stream (Stream 13) to the stream of fresh feedstock (Stream 3).  The value was set to 0.56 

based on experimental results.  The combined slurry solution (Stream 4) is then fed to 

Reactor 1 where the cellulose is hydrothermally decomposed in the absence of a catalyst.  

Afterwards, the product stream (Stream 5) is separated to an aqueous stream (Stream 6) and 
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solids stream (Stream 10) made up of unreacted cellulose and water-insoluble humins.  The 

solids are mixed with water (Stream 11) to form a slurry solution containing 29 wt% solids.  

The solids are not prewashed with acetone to remove acetone-soluble humins as depicted in 

the experimental section, seeing that separate studies have shown that this is not a 

particularly necessary step in the recycle process.  A portion of this stream is purged (Stream 

14) to prevent accumulation of humins in the system and the remainder serves as the recycle 

stream (Stream 13).  The concentration of cellulose and humins in Streams 12, 13 and 14 are 

identical.  Concurrently, the aqueous stream (Stream 6) is fed to Reactor 2 where the water -

soluble compounds are converted to levulinic acid and formic acid with a solid acid catalyst 

(Amberlyst 70).  Water-soluble and insoluble humins are also formed.  The product stream 

(Stream 7) is separated to an aqueous stream containing primarily levulinic acid and formic 

acid (Stream 8) and a stream made up of water-insoluble humins (Stream 9). 
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Table 19. Representative mass flow rates (kg h
-1

) for levulinic acid production from cellulose by 

hydrothermal decomposition at 220 °C for 30 min. followed by acid catalyzed conversion of the 

aqueous phase with Amberlyst 70 (0.1 M total acid sites) at 160 °C for 8 h, together with 

recycling of solids.  Concentration of solids in slurry streams was 29 wt%.  Results for Streams 1 

to 13 were obtained based on experimental results.
b
 

    Water-soluble organics   

Stream Water 
Fresh 

cellulose 

Cellulose for 

recycle/purge 
a
 

glucose HMF LA FA 
soluble 

humins 
Total 

Water-insoluble 

humins 
Sum 

1 250 ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ 250 

2 ‒ 100 ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ 100 

3 250 100 ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ 350 

4 389 100 41 ‒ ‒ ‒ ‒ ‒ ‒ 15 545 

5 394 ‒ 68 34 9 2 4 5 58 25 545 

6 394 ‒ ‒ 34 9 2 4 5 58 ‒ 452 

7 400 ‒ ‒ 3 2 20 10 1 37 14 452 

8 400 ‒ ‒ 3 2 20 10 1 37 ‒ 437 

9 ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ 14 14 

10 ‒ ‒ 68 ‒ ‒ ‒ ‒ ‒ ‒ 25 93 

11 232 ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ ‒ 232 

12 232 ‒ 68 ‒ ‒ ‒ ‒ ‒ ‒ 25 325 

13 139 ‒ 41 ‒ ‒ ‒ ‒ ‒ ‒ 15 195 

14 93 ‒ 27 ‒ ‒ ‒ ‒ ‒ ‒ 10 130 
a Recycle ratio = Stream 13 / Stream 3 = 0.56 .  All values were rounded to the nearest unit.  LA = levulinic acid; FA 

= formic acid. 
b Reproduced from ref.255 by permission of The Royal Society of Chemistry. 

 

 The maximum attainable carbon yield of water-soluble organics produced from 

hydrothermal decomposition of cellulose (Reactor 1) is 50%.  Only 5% of this water-soluble 

organics is attributed to soluble humins (Table 17).  The glucose and HMF content in the 

aqueous stream exiting Reactor 1 corresponds to 25% and 10% carbon yield respectively.   

Further conversion of this aqueous stream in Reactor 2 with Amberlyst 70 produces a 

reasonably pure aqueous stream of levulinic acid and formic acid at 21% and 5% carbon 

yield respectively.  Therefore, according to the selected reaction conditions, approximately 

50% of the organic carbon entering Reactor 2 converts to levulinic acid and formic acid.  
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7.4.3. Comparisons with other existing processes 

 Vast interest in levulinic acid applications has led to the realization of a number of 

viable processes for its production from cellulose and cellulosic biomass.  An input-output 

analysis can be used to compare different processes and make some decisions about the 

economic viability of different process options.  This type of analysis is the first step in the 

conceptual process design of a process.
290, 291

  An input-output analysis compares the total 

material going into a process with the total material leaving a process.  Figure 53 compares 

the input-output analysis of four different processes for levulinic acid production from 

cellulose all based on 100 kg cellulose feedstock.  All undesired decomposition products 

were referred to as humins. 

 The Biofine process (refer to Figure 19 in Chapter 5) depicted in Figure 53(a) has 

been under development since 1988 and involves the use of sulfuric acid in a two-step 

continuous process to produce levulinic acid, formic acid and furfural from lignocellulosic 

biomass.
163, 164, 292

  This process claims to produce levulinic acid at yields higher than 70% of 

the theoretical based on the hexose content of the cellulosic feedstock.  According to their 

reference,
164

 the cellulose content in the feedstock is less than 5 wt% of the total and the 

sulfuric acid concentration ranges from 1.15 to 5 wt% of the aqueous portion.  One of the 

major disadvantages of using a water-soluble acid catalyst for this process is the post-

reaction separation and purification of levulinic acid from the acidic aqueous stream.  Simple 

neutralization with a base is not possible due to the acid functionality of levulinic acid.  

Consequently, levulinic acid must be initially separated from the aqueous stream for further 

purification.  Two feasible options include extraction of levulinic acid with an organic 
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solvent or evaporation of the final product.  By extracting the levulinic acid, the aqueous 

stream containing the homogeneous acid catalyst can then be neutralized or recycled for 

further reuse.  This requires energy intensive purification steps in stripping columns to purify 

the acidic aqueous stream from the organic solvent.
293

  Further purification steps must also 

be carried out to separate the levulinic acid from the extracting organic solvent.  Recycle of 

the organic solvent also requires additional purification steps. 

 In the Biofine process, the levulinic acid is separated from the water and sulfuric acid 

by evaporation.
293

  However, this is an energy intensive route consisting of a two-stage 

evaporation process.  Levulinic acid has a higher boiling point than water (245 °C vs. 100 

°C); therefore water must first be evaporated from the reaction products, followed by 

evaporation of levulinic acid from the sulfuric acid.  Assuming that process heat is supplied 

by saturated steam at 250 PSIG, the energy cost associated with water evaporation is 1.28 kg 

steam per kg water.  Evaporating levulinic acid requires 0.24 kg steam per kg levulinic acid 

produced.
294

  Based on the data provided in Figure 53(a), the concentration of levulinic acid 

exiting the second reactor is approximately 1 wt%, and water makes up 95 wt% of the 

stream.  Accordingly, the total amount of steam required for the dual evaporation step is 130 

kg steam per kg of total levulinic acid produced.  If higher concentrations of levulinic acid 

are produced, then this will decrease the steam requirements.     

 An input-output analysis was also carried out based on the optimal reaction conditions 

reported by Shen and Wyman
174

 to produce levulinic acid production from cellulose with 

hydrochloric acid as the catalyst, as shown in Figure 53(b).  They report a maximum yield of 

60% levulinic acid of the theoretical from cellulose with a cellulose content of 1.5 wt% and 
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acid concentration of 3.2 wt% of the aqueous portion.  These values fall in the range reported 

in the Biofine process.  According to their process scheme, the amount of acid catalyst 

required for the reaction is more than two fold the amount of cellulose on a weight basis.  For 

the sake of comparison, stoichiometric amounts of sodium hydroxide were added to account 

for neutralization of the hydrochloric acid.  On a weight basis, this amount of base is even 

higher than the amount of acid used for the reaction.  The neutralization waste consists of 

water and sodium chloride.  Moreover, without a prior purification step, the levulinic acid 

and formic acid will also react with the base to form their corresponding salts
295

, thus making 

downstream applications more complex.  Disposal of the sodium chloride produced from this 

step is another drawback that must be accounted for.  

 Alonso et al. have developed a novel route to recycle the aqueous stream containing 

sulfuric acid after levulinic acid is produced from cellulose.  They show that alkylphenol 

solvents can be used to selectively extract levulinic acid from aqueous solutions of sulfuric 

acid.
296

  The acidic aqueous stream can then be recycled for further cycles of cellulose 

decomposition with no observed loss of sulfuric acid to the organic phase.  Following the 

extraction step, the levulinic acid in the organic phase is further hydrogenated to produce 

GVL.  Additionally, they have shown that the cellulose decomposition step is facilitated by 

adding the cellulose to the reactor in progressive stages.
297

  As mentioned in their study, this 

technique ensures a continuous low concentration of glucose in the reactor, thereby 

minimizing undesirable humins formation.  They did however observe a slight decrease in 

the levulinic acid yield with each recurring cycle of cellulose addition.  They also discovered 

that the levulinic acid partition coefficient was compromised as the amount of GVL in the 
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organic phase increased.  For a cellulose content of 7.7 wt% (for each cellulose 

deconstruction cycle) with 0.5 M sulfuric acid, they obtained a cumulative levulinic acid 

yield of 55% of the theoretical after three consecutive cellulose decomposition cycles (Figure 

53(c)).  It is notable to mention that these results were obtained without recycle of the 

aqueous stream.  Lower yields of levulinic acid were attained with successive recycling of 

the aqueous stream.  The organic solvent used to extract the levulinic acid was 2-sec-

butylphenol at a ratio of 1:1 wt/wt aqueous solution and organic solvent.  Even though 

promising results have been obtained with this class of organic solvents, vast research has 

been published on the toxicity of alkylphenolic compounds and their adverse effect on the 

environment.
298, 299
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Figure 53. Input-output analysis of levulinic acid production from cellulose for (a) the Biofine 

process
164

 (in accordance with Example 1from reference); (b) Study by Shen and Wyman
174

; (c) 

process developed by Alonso et al.
296

 (in accordance with data taken from their supporting 

information: Table S2, Entry 1); (d) this study.  LA   levulinic acid; FA   formic acid.  

Reproduced from ref.
255

 by permission of The Royal Society of Chemistry.  
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 The process introduced in this study consists of a two step procedure to produce 

levulinic acid from cellulose at relatively high initial loadings of 29 wt%, as shown in Figure 

53(d).  A recycle loop is utilized to treat unreacted feedstock, thereby maximizing the 

conversion of cellulose while maintaining a high selectivity of water-soluble compounds in 

the aqueous stream.  The non-catalytic route for cellulose decomposition (step 1) facilitates 

this recycle procedure since there is a recurrent need to regenerate the solid acid catalyst 

following cellulose decomposition due to the deposition of humins on the catalyst.  

Regeneration of the solid acid catalyst via thermal oxidation is the most widely used 

technique,
300

 but would require the difficult task of separating the catalyst from the unreacted 

cellulose.
270

 

 The key advantage of our approach is that it does not use a homogeneous acid 

catalyst.  This greatly simplifies the downstream separation and purification of levulinic acid.  

It has been shown for furfural production from hemicellulose solutions that the mineral acid 

accounts for 28% of the total raw materials cost.
161

  Additional costs associated with the use 

of homogeneous acid catalysts include acid recovery, treatment (neutralization) and disposal.  

The corrosive nature of the acid also calls for more expensive materials in construction of the 

reactors and piping.  Our process also produces a relatively high purity of the final aqueous 

stream which consists primarily of levulinic acid and formic acid.  Consequently, 

downstream purification steps would require less energy.  These factors also simplify 

downstream processing of converting the levulinic acid into other products, such as GVL,
56

 

which is a platform chemical for the production of liquid fuels.
58, 59

  Additionally, the 

levulinic acid solution we produce could also be neutralized with a base to form levulinic 
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acid and formic acid salt mixtures, which in turn can be pyrolized to produce liquid 

hydrocarbon fuels.
301

 

 The process proposed by Alonso et al. to produce levulinic acid from cellulose is 

attractive due to the relatively high attainable yield of levulinic acid and the recyclability of 

the acid stream.  However, the use of organic solvents to extract the final product inevitably 

makes the downstream processing more complex due to extra unit operations.  This is not to 

mention the loss of yield that transpires with every additional post-reaction step in the 

process due to inefficiencies.
293

  The maximum yield of levulinic acid obtained with our 

process is 28% of the theoretical, demonstrating that the yield in our process must be 

increased if it is to be competitive with the other processes.  However, due to the high 

cellulose loading in this process, the concentration of levulinic acid in the final aqueous 

stream is relatively high at 4.5 wt%.  This facilitates recovery and purification of the final 

product downstream.   
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CHAPTER 8 

Conclusions and Future work (II) 
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8.1. Conclusions 

 In Chapter 5 we discussed a kinetic model for aqueous-phase glucose dehydration to 

produce HMF and levulinic acid.  Our model involves 4 reactions.  Glucose first undergoes a 

dehydration reaction in which 3 molecules of water are removed to produce HMF (Reaction 1).  

In a parallel step glucose can undergo reversion and decomposition reactions to form humins, 

which are highly polymerized insoluble carbonaceous species (Reaction 2).  The dehydration 

step to form HMF (Reaction 1) is favored at increased temperatures due to its higher activation 

energy compared to the degradation step to form humins from glucose (Reaction 2).  Once HMF 

is formed, it can also undergo parallel reactions.  In the presence of water, a rehydration reaction 

takes place with 2 molecules of water to produce levulinic acid and formic acid (Reaction 3).  

Likewise, HMF can also decompose to form humic species (Reaction 4).  Relatively lower 

temperatures are favorable to maximize levulinic acid production, as these conditions minimize 

the formation of humins due to the relatively higher activation energy associated with Reaction 4 

compared with the rehydration reaction to produce levulinic acid (Reaction 3). 

 The proposed kinetic model is consistent with the experimental data for batch reactions 

within the conditions of this study.  In general, higher temperatures (i.e. 180-200 °C) and short 

reaction times of less than 1 min. are essential to maximize the HMF content.  On the other hand, 

low temperatures between 140-160 °C and long residence times of greater than 100 min. are 

essential for maximum levulinic acid yield. 

 A PFR type reactor is favorable for the aqueous-phase production of HMF and 

levulinic acid from glucose, as compared with a CSTR.  Higher HMF yields can be obtained 

in a PFR at relatively shorter residence times.  Likewise, compared to a PFR, a CSTR 

requires longer residence to attain comparable levulinic acid yields.  We have shown that a 
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system of two consecutive PFRs has a higher performance than a PFR/CSTR combination.  

Compared to a single PFR, for aqueous-phase levulinic acid production from glucose there is 

no distinct advantage to implement a system of two consecutive reactors.  

 We also prepared and characterized a series of metal(IV) phosphate catalysts and tested 

them for aqueous phase dehydration of glucose to levulinic acid.  Adsorption studies with 

ammonia and isopropylamine as probe molecules reveal a higher overall concentration of acid 

sites for the zirconium phosphates compared to the tin phosphate catalysts.  Sample ZrP2 shows 

the highest amount of total acid sites, as well as the highest concentration of Brønsted sites 

among all of the catalysts tested.  XPS analysis corroborates these findings by revealing a high 

concentration of surface hydroxyl groups for the zirconium phosphate catalysts, specifically 

ZrP2.  Four phosphorus coordination states have been identified by solid-state 
31

P MAS NMR 

spectroscopy, among which the polyphosphate species has the highest relative amount.  The 

other species include tetrahedral phosphates bonded to one zirconia group and two hydroxyl 

groups, tetrahedral phosphates bonded to two zirconia and one hydroxyl group and tetrahedral 

phosphates bonded to three zirconia groups.  The higher amounts of polyphosphate species 

detected in ZrP2 and ZrP3 could be a reason for their enhanced acidity compared to ZrP1.  

 We have demonstrated here that both heterogeneous and homogeneous Lewis and 

Brønsted sites share different functions as related to the proposed reaction scheme for glucose 

dehydration.  The catalytic activity and selectivity for all of the metal(IV) phosphates tested in 

this study vary according to the Brønsted to Lewis ratio.  Catalysts with high Lewis acidity, such 

as the tin phosphates, show the highest activity on a per site basis, whereas the zirconium 

phosphates with relatively high Brønsted acidity (i.e. ZrP2 and ZrP3) demonstrate the lowest 
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activity.  Fructose selectivity increases with an increase in the Lewis acid concentration of the 

catalyst.  This is due to induced isomerization reaction catalyzed by Lewis acid sites.  Both types 

of acid sites catalyze the dehydration reaction to produce HMF from glucose.  However, the 

HMF selectivity increases with increased concentration of Brønsted acid sites, particularly at 

lower glucose conversions for the heterogeneous catalysts. The levulinic acid selectivity is also a 

function of the relative concentration of Brønsted to Lewis sites.  The levulinic acid selectivity 

increases with an increase in the Brønsted to Lewis ratio for both the heterogeneous and 

homogeneous acid catalysts.  The formation of humic species increases with increased Lewis 

acidity for the heterogeneous catalysts.   

 Increase in the P/metal(IV) molar ratio from 1 to 2 in the precursor solution results in a 

higher surface area, as well as increased overall concentration of acid sites and Brønsted acid 

sites.  However, for the tin phosphates, the fraction of Brønsted sites remains the same for both 

catalysts in the series (SnP1 and SnP2).  Consequently, both catalysts show nearly identical 

selectivities for the major reaction products.  For the zirconium phosphates, a further increase in 

phosphorus loading to a P/Zr molar ratio of 3 does not alter the bulk phase of the catalyst, rather 

only the surface properties. 

 Among the zirconium phosphate catalysts, the catalyst with a P/Zr ratio of 2 (ZrP2) 

exhibits the highest surface area, as well as the highest amount of total acid sites and fraction of 

Brønsted sites.  This catalyst in turn exhibits the highest selectivity to HMF and levulinic acid.  

A relatively high concentration of surface hydroxyl groups is most likely the source of the 

relatively high amounts of Brønsted acid sites, as well as the high surface area.   

 We also investigated the concept of a two-step process to produce levulinic acid from 
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cellulose without the use of a homogeneous acid catalyst.  The process consists of: (1) non-

catalytic hydrothermal decomposition of cellulose at moderate temperatures (190-270 °C) to 

produce organic water-soluble compounds including glucose and HMF; (2) water-soluble 

compounds are further reacted with a solid acid catalyst at relatively low temperatures (160 

°C) to produce levulinic acid and formic acid.  Unreacted cellulose can be recycled back to 

the first reactor for further decomposition. 

 Hydrothermal decomposition of cellulose has been compared with and without a solid 

acid catalyst (ZrP).  A higher rate of cellulose decomposition was obtained with ZrP.  This 

was indicated by the higher yield of water-soluble organics in the aqueous phase.  However, 

the solid acid catalyst also induced the formation of solid humins, defined by a sharper 

decrease in the total organic content in the aqueous phase.  The product distribution of the 

water-soluble organics was comparable for cases with and without a solid acid catalyst.  

Recycling of the unreacted cellulose is facilitated by not using a solid acid catalyst during the 

cellulose decomposition step due to deactivation of the solid catalyst.  Moreover, we have 

shown that cellulose can decompose hydrothermally at high initial loadings without 

jeopardizing the selectivity of the water-soluble compounds.  Relatively higher temperatures 

and shorter residence times (220 °C and 30 min.) are more favorable for the production of 

usable water-soluble organics from cellulose compared to lower temperatures and longer 

residence times (170 °C and 4 h).   

 Amberlyst 70 is a rather promising solid acid catalyst for the conversion of glucose to 

produce HMF and levulinic acid due to its inherent Brønsted acidity.  The ion exchange resin 

showed comparable activity to HCl, however the selectivity to HMF and levulinic acid were 
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lower compared to the homogeneous acid catalyst.  The recycled ion resin catalyst showed a 

decrease in the selectivity to levulinic acid due to deposition of solid humins.  Regeneration 

did not fully recover the activity and selectivity.  This is most probably due to insufficient 

removal of the fouling during the regeneration procedure.  ZrP showed a predominantly 

higher HMF selectivity and a lower levulinic acid selectivity compared to Amberlyst 70.  

This could be due to the presence of Lewis acid sites on ZrP. 

 We have reported a conceptual design of this process and have compared it to existing 

processes for the production of levulinic acid from cellulose.  The experimentally obtained 

yield of levulinic acid in this process is 28% of the theoretical with an initial cellulose 

loading of 29 wt%.  This high loading results in a final aqueous stream with a relatively high 

concentration of levulinic acid, which is favorable for downstream applications.  There are 

clear ecological and economical advantages to this process by avoiding the use of corrosive 

soluble acid catalysts and toxic organic solvents. 

 

8.2. Future work 

 In our kinetic model (Chapter 5) we observed some inconsistency between the 

experimental data and the theoretical model in the continuous regime.  This could be due to a 

number of factors, such as non-ideal mixing patterns in the reactors.  From an operational point 

of view, challenges arise due to the formation of solid humic species in the reactors.  This is 

predominantly encountered in the PFR, which ultimately results in high pressure drops across the 

reactor and reduction of the reactor volume.  Therefore, only experiments at relatively low 

temperatures and short residence times were feasible in the PFR.  Conversely, the formation of 

solid humins has a negligible effect on the operational aspect of the CSTR and consequently 
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harsher reaction conditions could be employed.  Further studies to minimize the occurrence of 

solid humins would in turn improve the operational aspect of the continuous reactors and 

improve the kinetic model fit.      

 The bottleneck of this tandem reaction scheme is the dehydration step to produce HMF 

from glucose.  One key question that arises from this study is: Would it be more favorable  to 

decouple the dehydration and rehydration reactions to improve the selectivity of levulinic acid 

from glucose?  This concept would be beneficial pending the development of efficient 

technologies to produce HMF from carbohydrates.  Dumesic and co-workers have carried out 

vast studies on this topic, including the use of biphasic systems to extract HMF from the aqueous 

phase.
29, 31

  As we have shown in Chapter 2, biphasic systems are promising technologies to 

isolate furanic derivatives.  However, in order to carry out the rehydration reaction, HMF would 

need to be separated from the extracting solvent and react with water to produce levulinic acid.  

This separation step could be a limiting factor in the process downstream and should be 

accounted for in future research.         

 There are still many open questions pertaining to zirconium phosphates and their use as 

solid acid catalysts for aqueous phase biomass conversion.  Zirconium phosphate is comprised of 

four phosphate species in the bulk phase, as detected with NMR spectroscopy.  The samples with 

the highest concentration of Brønsted acid sites (ZrP2 and ZrP3) are predominantly comprised of 

polyphosphate species.  These results are counter intuitive given that the formation of 

polyphosphates species is attributed with deprotonation by condensation of (mono) phosphate 

species.  Nevertheless, there are reports in the literature that polyphosphate species can actually 

enhance the Brønsted acidity on the catalyst surface.
247, 248
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 This raises a key question as to what is the active acid site (phosphate species) that 

converts glucose to levulinic acid.  Further studies to investigate the role of the 

polyphosphate species on the reaction chemistry are necessary to elucidate the nature of the 

active site/s for these catalysts.  Likewise, the length of the polyphosphate chain could also 

play a key role in determining the concentration of the acid sites.  It has been reported in the 

literature that the length of the polyphosphate chain is a function of the metal oxide to 

phosphate ratio, and an increase in the polyphosphate chain length is observed with increased 

amounts of P2O5.
262

  Therefore, determining the composition and chain length of the 

polyphosphate species should also be a focus of future work.  

 One key finding that we reported in Chapter 7 is that the rate of cellulose 

decomposition is enhanced by the presence of water.  Previous studies have shown that the 

first stage of cellulose decomposition is a hydrolysis step to form water-soluble 

compounds.
265, 278

  This however is a limiting step and suffers from poor selectivity due to 

side reactions that produce humins.  Water has unique attributes because it not only serves as 

a solvent, but is also a reactant and an acid catalyst under hydrothermal conditions.  This 

raises a key question: What are the intrinsic effects of water on cellulose decomposition 

chemistry?  Understanding this elementary question should be a focus of future studies in 

this field. 
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SECTION III: STUDIES IN POLAR APROTIC SOLVENTS 
  



188 

 

  

CHAPTER 9 

Selective Conversion of Cellulose to Hydroxymethylfurfural in Polar 

Aprotic Solvents 
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9.1. Background 

 This chapter discusses the production of HMF from cellulose in polar aprotic solvents 

without the presence of water.  HMF is an alternative nonpetroleum precursor which can be used 

as a building block chemical for the production of various high-volume organic chemicals with 

numerous potential industrial applications. 

 HMF is produced conventionally from glucose (in low yields) or fructose (in high yields) 

by a triple dehydration step with mineral acids in water.
174

  It would be highly desirable to be 

able to produce HMF from cellulose, which is a more abundant and lower value feedstock than 

fructose.  However, in aqueous systems, HMF is only produced in low yields (between 8 to 21%) 

from cellulose because of miscibility limitations and undesired formation of humins.
302, 303

  As 

discussed in Chapters 5-7, HMF production in aqueous systems is maximized at relatively high 

temperatures (200-300 °C) and short reaction times (order of seconds or minutes), and is readily 

converted to formic acid and levulinic acid.     

 The use of ionic liquids (ILs) as solvents for HMF production has been proposed due to 

the solvation capabilities of the ILs.  A HMF yield of 51% from fructose was obtained by Li et 

al. when a high concentration of feed (67 wt%) was used in 1-butyl-3-methylimidazolium 

chloride ([C4mim]Cl).
304

  Binder and Raines demonstrated that lignocellulosic biomass can be 

converted to HMF using N,N-dimethylacetamide (DMA) containing lithium chloride (LiCl) as a 

solvent.
305

  HMF yields of up to 54% were obtained with 1-ethyl-3-methylimidazolium chloride 

([EMIM]Cl) as an additive and a mixture of CrCl2/HCl as the catalyst.  Rinaldi et al. showed that 

solid acid catalysts can be used in 1-butyl-3-methylimidazolium chloride ([BMIM]Cl) to 

selectively depolymerize cellulose to produce glucose and HMF.
277

  Zhang and co-workers have 
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reported HMF yields of 55% from cellulose with a mixture of CuCl2 and CrCl2 dissolved in 

[EMIM]Cl at relatively low temperatures.
306, 307

  A comprehensive review covering the process 

chemistry of HMF production from various feedstocks is given by van Putten et al.
308

 

 Significant challenges hinder the industrial use of ILs for production of HMF.  Due to 

their high costs, quantitative recovery and reuse of ILs (at least 98%) is necessary to make the 

process economically attractive.
309

  Relative low cellulose solubility (10-15 wt%) in ILs,
310

 high 

viscosity and high toxicity of ILs are also impeding factors.
311, 312

  Thermal and chemical 

stability of ILs are also in question, as new compounds have been detected derived from side 

reactions between HMF and imidazolium-based ILs.
313

  Extensive work has been reported by 

Jérôme and co-workers to produce HMF from biomass derived feedstock in alternative solvent 

systems that are comparable with imidazolium-based ILs.
314, 315

  Alternative approaches have 

also been investigated using biphasic reaction systems with organic solvents that can extract the 

HMF from the aqueous phase before it undergoes further degradation reactions.
29, 31

  Phase 

modifiers (i.e. NaCl) can be added to the aqueous phase to help enhance HMF partitioning into 

the immiscible organic phase and consequently impede further HMF degradation.
33

 

 

9.2. Experimental 

9.2.1. Reaction studies 

 Batch reactions were carried out in a 100 mL reactor vessel provided by Parr Instrument 

Company, series 4560.  The feedstock solutions were prepared with tetrahydrofuran (THF, 

Sigma Aldrich, anhydrous, 99.9%, inhibitor free) at the specified concentrations.  

Microcrystalline cellulose (Avicel
®
 PH-101) with a particle size of approximately 50 μm was 
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provided by Sigma Aldrich and used as received.  Sulfuric acid (A300-500) and glucose were 

provided by Fisher Scientific.  Levoglucosan (99%) and HMF (99%) were provided by Sigma 

Aldrich.  Throughout all of the experiments, the reaction volume was kept constant at 60 mL.  

Temperatures in the reactor were measured by means of a thermocouple in contact with the 

solution.  Time zero in the reaction was defined as the time when the reactor reached the desired 

temperature.  All reaction solutions were mixed at a maximum constant rate of 600 rpm using an 

internal stirrer.  The temperature and stirring were controlled by a 4848 Controller provided by 

Parr.  The reaction vessel was initially purged with UHP helium (Airgas) five times at room 

temperature to remove any air from the vessel.  The vessel was then heated to the desired 

reaction temperature and then pressurized to a final pressure of 1000 psig.  Samples were taken 

periodically through a sampling port.  The reactor was repressurized with helium after each 

sampling.  Sample vials were cooled beforehand in dry ice to suppress evaporation of the solvent 

during sampling.  The samples were immediately quenched in an ice water bath and filtered with 

a 0.2 μm syringe filter (IC Millex
®
-LG, part no. SLLGC13NL).  Samples were diluted with 

water prior to analysis.  The dip tube was covered with a stainless steel woven wire cloth, mesh 

size 400x400 provided by Grainger.  This was done to prevent clogging and loss of feed during 

sampling. 

 

9.2.2. Analysis 

 Reaction product samples were analyzed by high pressure liquid chromatography 

(HPLC) with a Shimadzu
©

 LC-20AD.  Carbohydrates were detected with a RI detector (RID-

10A).  Formic acid, levulinic acid, furfural and HMF were detected with a UV-Vis detector 
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(SPD-M20A) at wavelengths of 207, 207, 240 and 310 nm respectively.  The column used was a 

Biorad
©

 Aminex HPX-87H sugar column.  The mobile phase was 0.005 M H2SO4 flowing at a 

rate of 0.6 mL/min.  The column oven was set to 30 °C. 

 

9.2.3. Nomenclature 
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9.3. Results 

   Scheme 5 shows our proposed reaction pathway to produce HMF from cellulose in 

polar aprotic solvents.  Cellulose initially undergoes reaction to produce levoglucosan under 

dilute acidic conditions at temperatures in the range of 140-190
o
C.  It has been reported that 

levoglucosan can be produced from cellulose in the organic solvent sulfolane (36% yield after 2 

minutes at 330 °C), but relatively higher temperatures (200-330 °C) were required to carry out 

the reaction and a catalyst was not used.
316

  The same authors showed relatively high yields of 

levoglucosenone (38%) and furfural (20%) under acidic conditions.
317

  Our experiments show 

that acid is necessary to produce levoglucosan as confirmed by blank studies (without acid 

catalyst) with cellulose in THF, which resulted in negligible cellulose conversion (no detectable 

products) at 170 °C after 6 hours.  The levoglucosan then undergoes a double dehydration step to 

produce HMF.  The water produced in this reaction can react with levoglucosan to produce 

glucose.
318

  HMF can also undergo rehydration with water over an acid catalyst to produce 

levulinic acid and formic acid.  Once glucose is formed, it can also undergo dehydration to 

produce HMF, as well as undergo degradation to produce humic species.  Furfural was also 

detected in carbon yields lower than 7%.  It has been reported that furfural is a by-product of 

levoglucosan
319

 and/or glucose
104

 decomposition.  Separate decomposition studies with HMF in 

THF and sulfuric acid showed that HMF is relatively stable in the non-aqueous environment with 

conversions below 8% at 190 °C after 180 minutes.  Other studies have also mentioned that THF 

prevents further degradation of furfural and HMF.
320, 321
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Scheme 5. Proposed reaction scheme for HMF production from cellulose in polar aprotic 

solvents under acidic conditions. 

    

 The polar aprotic solvents including GVL, acetone and THF showed considerable higher 

yields of HMF from cellulose compared to ethyl acetate, water and ethanol, as shown in Figure 

54.  The HMF yield increased in the following order: ethanol < water < ethyl acetate << GVL < 

acetone ~ THF.  Reactions in water and ethanol, both protic solvents, resulted in the lowest HMF 

yields.  Despite being a polar aprotic solvent, the yields obtained in ethyl acetate were only 

somewhat higher compared to the protic solvents.  We believe that this behavior is due to the 

instability of ethyl acetate under the applied reaction conditions where water (from the 

dehydration reaction) reacts with ethyl acetate to form ethanol and acetic acid.  Both of these by-

products were detected with HPLC when ethyl acetate was used as a solvent.  Acetone has been 
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shown to be a valuable solvent for HMF production from carbohydrates;
322, 323

  however, acetone 

is not stable under acidic conditions, as it undergoes aldol-type reactions to form dimers and 

trimers.
322

   

 Previous work has shown GVL to be a promising solvent for biomass processing.
59, 324, 325

  

Alonso et al. used a monophase system comprised of a solution of 90 wt% GVL and 10 wt% 

water as the solvent with Amberlyst 70 to selectively produce levulinic acid from cellulose with 

yields close to 70%.
326

  Increasing the amount of water in the solvent decreased the reaction rate.  

GVL/water solutions were also used to convert the hemicellulose and cellulose fractions of 

lignocellulosic biomass to furfural and levulinic acid respectively.
104, 327

  However, it has also 

been reported that GVL reacts with water under acidic conditions
328

 and also undergoes 

oxidation  to form degradation products in the presence of molecular oxygen.
329

  In this respect, 

we carried out stability studies with GVL and sulfuric acid under inert atmosphere, and we 

detected traces of levulinic acid and pentenoic acid
330

 after 60 minutes at 170 °C.  Identical 

studies with THF resulted in no identifiable degradation products.   
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Figure 54. Cellulose decomposition in polar protic and aprotic solvents under acidic conditions.  

HMF production as a function of reaction time at 170 °C.  Cellulose loading was 5 wt% and 

solvent volume was 60 mL.  Catalyst concentration was 5 mM sulfuric acid.  Water (); THF 

(); GVL (); Ethyl acetate (); Acetone (); Ethanol (). 

  

 THF was selected as the reaction solvent for more detailed studies.  Biphasic mixtures of 

THF and water have been used in a wide array of biomass conversion processes, including 

furfural production from hemicellulose, HMF production from glucose and the use of co-solvent 

systems to produce the aforementioned products from maple wood.
320

  Cellulose decomposition 

with dilute sulfuric acid was carried out in four different solvent systems (pure THF, pure water, 

a 1:1 THF/water mixture, and a 9:1 THF/water mixture), as shown in Figure 55.  The major 

products detected were levoglucosan, glucose, HMF and levulinic acid.  Higher carbon yields of 

levoglucosan (7% after 60 minutes) were observed in pure THF compared to the other reaction 

mixtures.  Levoglucosan is most likely the primary decomposition product of cellulose in THF.  
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Stoichiometry requires that water be a reactant for the production of glucose from cellulose.
331

  

We also identified trace amounts of other anhydrosugars including levoglucosenone, 1,4:3,6-

dianhydro-α-D-glucopyranose and 1,6-anhydro-β-D-glucofuranose, which are byproducts of 

levoglucosan dehydration and isomerization reactions.
317

  These byproducts are identical to those 

detected from gas-phase cellulose pyrolysis.
286

  Glucose is also observed when THF is the 

reaction solvent. 

 Separate experiments with levoglucosan in THF under acidic conditions confirmed that 

HMF and levulinic acid can be produced directly from levoglucosan (Figure A.16 in the 

Appendix).  Hu et al. also reported that levoglucosan undergoes dehydration to form HMF in the 

presence of Amberlyst 70 in organic solvents, however it is important to note that their reaction 

systems were not completely free of water due to the ion resin which was not dried prior to the 

reaction (ca. 57% water content).
319

  The HMF yield was higher when glucose was used as a 

feedstock compared to levoglucosan, but by no more than 3%.  Levoglucosan (21% after 30 

minutes) was also observed as a product from glucose dehydration when THF was used as a 

solvent (Figure A.17 in the Appendix).  In contrast, only trace levels of levoglucosan were 

observed when water was used as a solvent for glucose dehydration.  Similar high yields of 

levoglucosan have been observed for glucose dehydration with Amberlyst 15 in the polar aprotic 

solvent N,N-dimethylformamide.
332

  The rate of glucose conversion in THF was higher than that 

in water (above 90% conversion after 5 minutes in THF), implying the formation of unknown 

reaction intermediates when THF was used as a solvent.  This shows the significance of the 

solvent effect on the reaction chemistry. 
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 The carbon yields of HMF and levulinic acid increased as the water content in the solvent 

decreased (Figure 55(c)).  The initial turnover frequencies (TOF) for cellulose conversion and 

HMF formation per sulfuric acid site were calculated from the data in Figure A.18 (Appendix) 

and Figure 55 respectively.  The TOF for cellulose conversion in THF was more than twenty 

fold higher than the TOF in pure water and the TOF for HMF formation in THF was more than 

forty times higher than in water (Figure A.19 in the Appendix).  It is notable to mention that a 

fraction of the cellulose (up to 50%) can also produce insoluble humins in pure water and this 

was not accounted for in the TOF calculations.  This would only alter the results by a factor of 

two at the most.  Nevertheless, it is clear that water has a significant inhibition effect on cellulose 

decomposition, as well as the dehydration reaction.  We believe that the acid sites are less 

reactive in the presence of water due to solvation of the proton by water molecules.  For 

example, the Gibbs free energy for solvation of a proton changes from –265.9 kcal mol
-1

 in 

liquid water to –260.2 kcal mol
-1

 in an aprotic solvent such as acetonitrile.
333

  Thus, the proton 

catalyst is stabilized in an aprotic solvent to a less extent than in water (by 5.7 kcal mol
-1

), 

leading to higher reactivity of the proton, provided that the solvent has a more moderate effect on 

the transition state for the acid-catalyzed reaction relative to the reactant.  This higher reactivity 

of the Brønsted acid catalyst in an aprotic solvent allows for the use of low acid concentrations to 

carry out the reaction, as mentioned in previous studies with GVL.
334

  The TOF for cellulose 

conversion decreases from 190 hr
-1

 to 52 hr
-1

 as the solvent changes from 0% H2O to 10% H2O.  

It has previously been shown that minimizing the water concentration in the reactor leads to a 

number of advantages
104, 334

: (1) enhanced rate of furfural/HMF production from 
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monosaccharides; (2) facilitated product recovery; (3) mitigation of degradation reactions, and 

(4) opportunity to use solid catalysts with improved stability in the reaction media. 

 

Figure 55. Cellulose decomposition in THF/water mixtures under acidic conditions.  Carbon 

yield of major products as a function of reaction time at 170 °C.  (a) levoglucosan, (b) glucose, 

(c) HMF, (d) levulinic acid.  Cellulose loading was 5 wt% and reaction volume was 60 mL.  

Catalyst concentration was 5 mM sulfuric acid.  Water (), Water:THF 1:1 v/v (), Water:THF 

1:9 v/v (), THF (). 
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 The product selectivity can be modified by adjusting the reaction temperature.  The 

levoglucosan yield increased with increasing temperature as shown in Figure A.20(a) in the 

Appendix (39% yield after 1 minute at 210 °C).  The HMF yield went through a maximum at 

190 °C (Figure A.20(c) in the Appendix).  It is also notable to mention that in pure THF at 

relatively low temperatures (i.e. 170 °C), the HMF yield increases with increased initial 

concentration of cellulose (compare between Figure 55(c) and Figure A.20(c) in the Appendix).  

Figure 56 shows the carbon yield of all the detectable products and their relative carbon 

selectivity at 190 °C.  The HMF yield increased steadily with time reaching 44% after 120 

minutes at 190 °C (Figure 56(a)).  The HMF yield then remained constant, even after 4 hours, 

and the relative HMF selectivity increased with time to 65% (Figure 56(b)).  At 190 °C 

levoglucosan went through a maximum yield of 25% after 30 minutes.  The glucose yield (18% 

maximum) decreased with reaction time at 190 and 210 °C.  The cumulative detectable products 

carbon yield at 190 °C went through a maximum of 88% after 60 minutes, decreasing to 67% 

after 4 hours, suggesting that undesired humins form in this reaction.  The levulinic acid yield 

also decreased with reaction time at 190 and 210 °C (23% maximum).  This differs from our 

previous studies in aqueous systems (Chapter 5) where levulinic acid was found to be stable with 

time.  Separate decomposition studies with levulinic acid in THF and sulfuric acid showed that 

levulinic acid is relatively stable in THF with conversions below 5% at 190 °C after 240 minutes.  

Hence, the decrease in levulinic acid yield suggests that levulinic acid decomposes by reacting 

with byproducts formed during the cellulose decomposition reaction.  The concentration of water 

produced under these reaction conditions can reach up to 0.2 wt% in THF with quantitative 

yields of HMF (assuming water is only produced via dehydration reactions and water is only 



201 

 

  

consumed via rehydration to produce levulinic acid).  Accordingly, based on the data in Figure 

56, the water concentration after 120 minutes is 0.08 wt%.  Consequently, developing techniques 

to remove water from the reaction system could further suppress side reactions and improve 

HMF selectivity. 

 

Figure 56. Cellulose decomposition in THF under acidic conditions at 190 °C.  (a) Carbon yield 

of detectable products; (b) Relative carbon selectivity of detectable products.  Cellulose loading 

was 1 wt% and reaction volume was 60 mL.  Catalyst concentration was 5 mM sulfuric acid.     

 levoglucosan;  glucose;  HMF;  furfural;  levulinic acid;  formic acid. 
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CHAPTER 10 

Conclusions and Future work (III) 
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10.1. Conclusions 

 In Chapter 9 we discussed the conversion of cellulose to HMF in polar aprotic solvents 

(i.e. THF) under dilute acid conditions.  In this sequence of reactions, levoglucosan is the first 

major decomposition product of cellulose, followed by dehydration to produce HMF.  Glucose, 

levulinic acid and formic acid are products from side reactions with water, which is a by-product 

of dehydration.  The maximum obtainable yield of HMF we achieved is 44%, with a combined 

yield of 53% for HMF and levulinic acid.  These results are comparable to those obtained in ILs 

or biphasic systems.
16

  The system that we propose here has several distinct advantages 

compared to other existing processes to produce HMF from cellulose, including a 20 times 

reduction in acid usage, a 20 times higher reaction rate (compared to aqueous systems), the 

potential to use less expensive feedstocks (lignocellulosic biomass), operation at lower reaction 

temperatures, and improved stability of the HMF product in the solvent.  Furthermore, the 

reactants and products can be separated from the solvent using conventional petrochemical 

separation technology.  This type of system also does not require the use of Lewis acids to 

promote isomerization of glucose to fructose as a preliminary step to produce HMF. 

 

10.2. Future work 

 This study opens new directions to develop highly efficient and commercially feasible 

processes to convert cellulosic biomass into platform chemicals using polar aprotic solvents.  As 

this is a relatively new field, there are still many unanswered fundamental questions pertaining to 

the role of polar aprotic solvents in biomass upgrading.  Future advances in this field are 

contingent on developing a more detailed mechanistic understanding of how solvents affect acid-
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catalyzed chemistry combined with studying levoglucosan chemistry.  The following are a 

number of key questions to be addressed in future research: 

 How do polar aprotic solvents affect the reaction chemistry (i.e. kinetics and product 

selectivity)?   

 Why are cyclic ethers, such as GVL
16

 and THF, more favorable than other polar aprotic 

solvents for biomass upgrading? 

 Why do we observe a higher catalytic activity in polar aprotic solvents compared to water? 

 How are the acid protons affected by the solvent? 

 

 In order to further suppress side reactions and improve HMF selectivity, it would be 

desirable to develop techniques to remove water from the reaction system.  Shimizu et al. were 

able to enhance the HMF production from fructose in dimethyl sulfoxide (DMSO) solvent by 

implementing water removal techniques, such as carrying out the reaction under mild evacuation 

and decreasing the particle size of the acid resin.
335

  This former technique is feasible when the 

reaction solvent has a higher boiling point compared to water (i.e. DMSO boiling point is 189 

°C).  Zhang et al. noticed a 10% increase in HMF yield when they added 5A molecular sieves 

during the dehydration of glucose in ionic liquids catalyzed by germanium(IV) chloride.
336

  It is 

notable to mention that these studies were carried out at relatively low temperatures of 120 ºC, 

which facilitated the use of these water adsorbents.  Further work is essential to develop water 

removal techniques that are applicable under harsher reaction conditions.   

 Future research in this field should also focus on realizing the commercial potential of 

these processes for biomass upgrading.  As part of this effort, it would be desirable to use a 

continuous regime to convert biomass into fuels and chemicals.  As most biomass feeds are 

solids, it is critical to develop catalytic processes for the direct conversion of solid biomass into 



205 

 

  

fuels and chemicals.  It would be desirable to design a robust catalytic reactor system that can 

process different types of solid biomass, carry out different reactions (i.e. hydrolysis, 

hydrodeoxygenation and dehydration) and use solid catalysts.  We have designed and built a 

continuous high pressure reactor system to produce versatile renewable biochemicals from solid 

biomass feedstocks, as shown in Figure 57.  The feed will be a slurry mixture consisting of the 

solid feed, solvent (i.e. water or polar aprotic solvent) and a catalyst (homogeneous or 

heterogeneous). 

Future work with this system should center on answering elementary questions pertaining 

to the effect of different feedstocks on the reaction chemistry, the nature of the reaction and the 

types of catalysts (homogeneous or heterogeneous).  Being that this is a slurry bubble column, it 

will be imperative to study the hydrodynamics of the system to ensure ideal mixing patterns in 

the reactor.  Kinetic studies are also essential to develop reactor-kinetic models and derive 

apparent rate parameters. 
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Figure 57. Schematic and photo of high pressure continuous slurry reactor for the production of 

fuels and chemicals from solid biomass derived compounds.  
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NOMENCLATURE 
 

Abbreviation Definition 

BET Brunauer–Emmett–Teller 

CSTR Continuously stirred-tank reactor 

DHMTHF 2,5-dihydroxy-methyltetrahydrofuran 

DI De-ionized 

DMA Dimethylacetamide 

DMF 2,5-dimethylfuran 

DMSO Dimethyl sulfoxide 

DRIFTS Diffuse reflectance infrared fourier transform spectroscopy 

DSC Differential scanning calorimetry 

EQP Equivalence point 

FDCA 2,5-furandicarboxylic acid 

FTIR Fourier transform infrared spectroscopy 

Furfural 2-furancarboxaldehyde 

GVL γ-valerolactone 

HCl Hydrochloric acid 

HMF 5-hydroxymethylfurfural 

HNO3 Nitric acid 

HPLC High-pressure liquid chromatography 

ICP Inductively coupled plasma 
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MAS Magic angle spinning 

MIBK Methyl isobutyl ketone 

MTHF 2-methyltetrahydrofuran 

NMR Nuclear magnetic resonance 

ODE Ordinary differential equation 

PFR Plug flow reactor 

PSIG Pounds per square inch gauge 

PZC Point of zero charge 

SnP Tin phosphate 

TCD Thermal conductivity detector 

TGA Thermogravimetric analysis 

THF Tetrahydrofuran 

TOC Total organic carbon 

TOF Turnover frequency 

TPD Temperature-programmed desorption 

UHP Ultra high purity 

XPS X-ray photoelectron spectroscopy 

XRD X-ray diffraction 

Yb(OTf)3 Ytterbium (III) trifluoromethanesulfonate hydrate 

ZrP Zirconium phosphate 

  



209 

 

  

APPENDIX 

 

 

Table A.1. Aqueous phase titration of solid acid catalysts at constant Brønsted sites and constant 

total acid sites (according to NH3-TPD).
c
  

 At constant Brønsted sites 
a
 At constant total acid sites 

b
 

Catalyst Titrated sites (mmoles) Titrated sites (mmoles) 

ZrP 0.090 0.137 

SiO2-Al2O3 0.077 0.102 

HY 0.053 0.061 

WOX/ZrO2 0.092 0.082 

γ-Al2O3 0.012 0.011 
a
 Brønsted sites were kept constant at 0.015 mmoles according to NH3-TPD. 

b
 Total acid sites were kept constant at 0.030 mmoles according to NH3-TPD. 

c 
 Reprinted from ref.

140
, Copyright(2011), with permission from Elsevier.

 

 

 

 

 

 

 

 

Table A.2. Acid concentrations of fresh and regenerated catalysts after exposure to water at 160 

°C according to NH3-TPD.
a
  

 Fresh Catalyst Regenerated Catalyst 

Catalyst Total acid sites (mmol g
-1

) Total acid sites (mmol g
-1

) 

ZrP 1.413 1.705 

SiO2-Al2O3 0.432 0.590 

WOX/ZrO2 0.324 0.385 
a
 Reprinted from ref.

140
, Copyright(2011), with permission from Elsevier. 
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Table A.3. Product distribution from non-catalyzed hydrothermal decomposition of cellulose in 

a stirred batch reactor at 170 °C with recycling of solids.  Initial solids loading for each cycle 

was 29 wt%.  Each cycle reaction time was 4 h.
b
  

Cycle 

Cumulative 

cellulose 

conversion 

(%) 

Cumulative carbon selectivity (%) Cumulative carbon yield (%) 

Usable 

organics 
a
 

Water-

soluble 

humins 

Solid 

humins 

Usable 

organics 
a
 

Water-

soluble 

humins 

Solid 

humins 

1  7.4 70.5 20.5 9.1 5.2 1.5 0.7 

2  18.1 70.1 16.9 13.0 12.7 3.1 2.3 

3  25.8 62.0 14.5 23.5 16.0 3.7 6.1 

4  31.1 59.3 15.1 25.6 18.4 4.7 7.9 

5  36.2 57.0 14.7 28.3 20.6 5.3 10.2 

6  41.8 53.8 14.4 31.8 22.5 6.0 13.3 
a includes: glucose, fructose, cellobiose, levoglucosan, HMF, furfural, levulinic acid, formic acid 
b Reproduced from ref.255 by permission of The Royal Society of Chemistry. 
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Figure A.1. Aqueous-phase acid-catalyzed glucose dehydration in a stirred batch reactor.  

Kinetic model fit for (a) glucose dehydration, (b) HMF formation and (c) levulinic acid 

formation for 10 wt% glucose and 0.5 M HCl.  T (°C) = 140 (), 160 (), 180 (); Model 

prediction (―).  Reprinted from ref.
175

, Copyright(2012), with permission from John Wiley and 

Sons. 
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Figure A.2. Aqueous-phase acid-catalyzed glucose dehydration in a stirred batch reactor.  

Kinetic model fit for (a) glucose dehydration, (b) HMF formation and (c) levulinic acid 

formation for 10 wt% glucose and 1.0 M HCl.  T (°C) = 140 (), 160 (), 180 (); Model 

prediction (―).  Reprinted from ref.
175

, Copyright(2012), with permission from John Wiley and 

Sons. 
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Figure A.3. X-ray diffraction patterns of the different solid acid catalysts.  Catalysts: (a) ZrP1, 

(b) ZrP2, (c) ZrP3, (d) SnP1, (e) SnP2.  Reprinted from ref.
205

, Copyright(2013), with 

permission from Elsevier. 
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Figure A.4. NH3-TPD profiles of the different solid acid catalysts.  Catalysts: (a) ZrP1, (b) ZrP2, 

(c) ZrP3, (d) SnP1, (e) SnP2.  Reprinted from ref.
205

, Copyright(2013), with permission from 

Elsevier. 
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Figure A.5. TPD profiles of propylene (m/z = 39) from TGA-MS for the different solid acid 

catalysts.  Catalysts: (a) ZrP1, (b) ZrP2, (c) ZrP3, (d) SnP1, (e) SnP2.  Reprinted from ref.
205

, 

Copyright(2013), with permission from Elsevier. 
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Figure A.6. Aqueous phase glucose dehydration in a stirred batch reactor with homogeneous 

acid catalysts at 160 °C.  Effect of type of acid site on carbon selectivity for (a) HMF; (b) 

levulinic acid; (c) humins.  Feed was 10 wt% glucose aqueous solution and acid concentration 

was 0.1 M.  Acid catalyst type = Brønsted: HCl (), Lewis: Yb(OTf)3 ().  Reproduced from 

ref.
255

 by permission of The Royal Society of Chemistry. 
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Figure A.7. Stability test with Amberlyst 70 for aqueous phase acid-catalyzed glucose 

dehydration in a stirred batch reactor at 160 °C.  (a) glucose conversion; (b) carbon yield of 

major products: HMF (), levulinic acid (), soluble and solid humins (). Feed was 10 wt% 

glucose aqueous solution.  Catalyst concentration was 0.1 M total acid sites (taken from 

manufacturer).  Closed symbols denote reaction with fresh catalyst.  Open symbols denote 

reaction with washed catalyst.  Reproduced from ref.
255

 by permission of The Royal Society of 

Chemistry. 
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Figure A.8. Non-catalyzed aqueous phase glucose dehydration in a stirred batch reactor at 160 

°C.  Carbon yield of major products as a function of reaction time: HMF (), levulinic acid ().  

Feed was 10 wt% glucose aqueous solution.  Closed symbols denote reaction with clean DI 

water as solvent.  Open symbols denote reaction with aqueous filtrate after exposure to 

Amberlyst 70 at hydrothermal conditions.  Reproduced from ref.
255

 by permission of The Royal 

Society of Chemistry. 
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Figure A.9. Recycle test with Amberlyst 70 for aqueous phase acid-catalyzed glucose 

dehydration in a stirred batch reactor at 160 °C.  Glucose conversion as a function of reaction 

time for: fresh catalyst (), recycled catalyst (), regenerated catalyst ().  Feed was 10 wt% 

glucose aqueous solution.  Catalyst concentration of fresh batch was 0.1 M total acid sites (taken 

from manufacturer).  Reproduced from ref.
255

 by permission of The Royal Society of Chemistry. 
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Figure A.10. Recycle test with Amberlyst 70 for aqueous phase acid-catalyzed glucose 

dehydration in a stirred batch reactor at 160 °C.  Effect on carbon selectivity for (a) HMF; (b) 

levulinic acid; (c) total humins.  Feed was 10 wt% glucose aqueous solution.  Catalyst 

concentration of fresh batch was 0.1 M total acid sites (taken from manufacturer).  Fresh catalyst 

(), recycled catalyst (), regenerated catalyst ().  Reproduced from ref.
255

 by permission of 

The Royal Society of Chemistry.   
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Figure A.11. Hydrothermal decomposition of cellulose without a solid acid catalyst in a stirred 

batch reactor.  Total water-soluble organic carbon yield as a function of reaction time.  Initial 

cellulose loading was 4 wt% of total.  T (°C) = 190 (), 220 (), 250 (), 270().  

Reproduced from ref.
255

 by permission of The Royal Society of Chemistry. 
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Figure A.12. Hydrothermal decomposition of cellulose without a solid acid catalyst in a stirred 

batch reactor.  Water-soluble organic carbon yield for (a) glucose, (b) HMF, (c) levulinic acid, 

(d) soluble humins.  Initial cellulose loading was 4 wt% of total.  T (°C) = 190 (), 220 (), 

250 (), 270().  Reproduced from ref.
255

 by permission of The Royal Society of Chemistry. 

 

0

3

6

9

12

15

18

0
3
6
9

12
15
18
21
24

0

1

2

3

4

5

6

7

0 25 50 75 100 125 150 175 200 225 250 275 300 325

0
5

10
15
20
25
30
35
40

(d)

(c)

(b)

 

 

G
lu

c
o

s
e

(a)

C
a

rb
o

n
 y

ie
ld

 (
%

)

S
o

lu
b

le
 h

u
m

in
s

L
e

v
u

lin
ic

 a
c
id

 

 

H
M

F
  

 

 

time (min.)

  

 

 



223 

 

  

 

Figure A.13. Water-soluble organic carbon product selectivity for the aqueous phase cellulose 

decomposition without a solid acid catalyst in a stirred batch reactor for T (°C) = (a) 190 (b) 220, 

(c) 250, (d) 270.  Initial cellulose loading was 4 wt% of total.   glucose;  fructose;  

cellobiose;  levoglucosan;  HMF;  furfural;  levulinic acid;  formic acid;  humins.  

Reproduced from ref.
255

 by permission of The Royal Society of Chemistry. 
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Figure A.14. Water-soluble organic carbon product selectivity for each recycle run from non-

catalyzed hydrothermal decomposition of cellulose in a stirred batch reactor at 170 °C.  Initial 

solids loading for each cycle was 29 wt%.  Each cycle reaction time was 4 h.   glucose;  

fructose;  cellobiose;  levoglucosan;  HMF;  furfural;  levulinic acid;  formic acid; 

 humins.  Reproduced from ref.
255

 by permission of The Royal Society of Chemistry. 
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Figure A.15. Cumulative carbon selectivity of usable organics obtained from hydrothermal 

decomposition of cellulose with recycling of solids.  Initial solids loading for each cycle was 29 

wt%.  Reaction conditions: 220 °C for 30 min. each cycle (); 170 °C for 4 h each cycle ().  

Reproduced from ref.
255

 by permission of The Royal Society of Chemistry. 
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Figure A.16. Dehydration studies in THF with levoglucosan () and glucose () feedstocks 

under acidic conditions at 170 °C.  Carbon yields as a function of reaction time: (a) Total 

detectable products, (b) HMF, (c) levulinic acid.  Feedstock loading was 2 wt% and reaction 

volume was 60 mL.  Catalyst concentration was 5 mM sulfuric acid. 
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Figure A.17. Effect of solvent in glucose dehydration studies under acidic conditions at 170 °C.  

Carbon yields as a function of reaction time: (a) Total detectable products, (b) levoglucosan, (c) 

HMF, (d) levulinic acid.  Feedstock loading was 2 wt% and reaction volume was 60 mL.  

Catalyst concentration was 5 mM sulfuric acid.  Water (), THF (). 
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Figure A.18. Cellulose decomposition in THF/water mixtures under acidic conditions.  Total 

carbon yield of detectable products as a function of reaction time at 170 °C.  Cellulose loading 

was 5 wt% and reaction volume was 60 mL.  Catalyst concentration was 5 mM sulfuric acid.  

Water (), Water:THF 1:1 v/v (), Water:THF 1:9 v/v (), THF (). 
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Figure A.19. Cellulose decomposition in THF/water mixtures under acidic conditions.  Initial 

turnover frequency as a function of initial water content in the solvent at 170 °C.  Cellulose 

loading was 5 wt% and reaction volume was 60 mL.  Catalyst concentration was 5 mM sulfuric 

acid.  Based on the total moles of carbon from the detectable products (); Based on the moles 

of carbon of HMF produced (). 
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Figure A.20. Effect of temperature on cellulose decomposition in THF under acidic conditions.  

Carbon yield of major products as a function of reaction time.  (a) levoglucosan, (b) glucose, (c) 

HMF, (d) levulinic acid.  Cellulose loading was 1 wt% and reaction volume was 60 mL.  

Catalyst concentration was 5 mM sulfuric acid.  T (°C) = 140 (), 170 (), 190 (), 210 (). 

 

 

 

 

 

 

0

4

8

12

16

20

0

10

20

30

40

0

10

20

30

40

50

0 50 100 150 200 250 300

0

4

8

12

16

20

24

(c)

(d)

(b)

G
lu

c
o
s
e

(a)

C
a

rb
o
n

 y
ie

ld
 (

%
)

L
e
v
u

lin
ic

 a
c
id

H
M

F
L

e
v
o

g
lu

c
o
s
a

n
 

time (min.)

 



231 

 

  

 

Figure A.21. Comparison between heating methods for aqueous phase xylose dehydration with 

zirconium phosphate.  Xylose conversion as a function of time at 160 °C.  ZrP loading was 1.18 

wt%.  Feed was 10 wt% xylose aqueous solution.  Conventional heating (); Microwave heating 

().  Reprinted from ref.
140

, Copyright(2011), with permission from Elsevier. 
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Figure A.22. Comparison between heating methods for aqueous phase xylose dehydration with 

zirconium phosphate.  Furfural selectivity as a function of xylose conversion at 160 °C.  ZrP 

loading was 1.18 wt%.  Feed was 10 wt% xylose aqueous solution.  Conventional heating (); 

Microwave heating ().  Reprinted from ref.
140

, Copyright(2011), with permission from 

Elsevier. 
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