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Chapter 1 
Introduction and scope 

 

Abstract 

This chapter serves as a general background of the research performed for this thesis. The 
history and basic concepts of catalysis are presented, and the thesis goals are described in a wide 
context. 
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1.1 General description of catalysis 

The art of producing alcohol from sugar fermentation is the first known application of catalysis. 

Catalysis, from κατα + λύω (roughly translated as loosen or unbind), was termed as such by 

Berzelius as “a chemical event that changes the composition of a mixture” in 1835.[1,2] The first 

recorded usage of inorganic catalysts dates back as far as 1552 by Cordus, who used sulfuric 

acid to catalyze the dehydration of alcohol to ether.[3,4]  

Initial efforts to understand the catalytic phenomenon were performed by Désormes and 

Clément in 1806. They elucidated the chemical processes involved during the production of 

sulfuric acid by the lead chamber method, and why addition of potassium nitrate significantly 

enhanced production rates.[3,5] They established that nitrous oxides produced by potassium 

nitrate during conflagration of sulfur to form SO2 acted as an oxygen shuttle by cyclic oxidation 

of NO to NO2 and its subsequent reduction back to NO while oxidizing SO2 present in the 

chamber to SO3. Further systematic approaches to understand the phenomenon were 

conducted by scientists such as Ostwald, Van ‘t Hoff, Arrhenius, Langmuir, Sabatier, Ridael and 

Taylor.[1–4,6–11] The fundamental research provided by their research led to the first large-scale 

industrial application of catalysis. The Haber-Bosch process, responsible for the continuous 

production of ammonia, allows us to support the current global populace of over 8 billion 

souls.[12] Further large-scale endeavors of catalysis are responsible for producing transport fuels 

via fluid catalytic cracking of long carbon chains to gasoline, diesel and kerosene, and coal 

liquefaction and Fisher-Tropsch synthesis to convert coal and syngas (a mixture of CO and H2) 

to hydrocarbons.[13–15] 

Catalysts work by adsorbing reactants and then bringing them in close proximity, 

schematically represented in Figure 1.1. This lowers the overall energy barrier a chemical 

reaction needs to overcome in order to take place, and this implies that the reaction can be 

performed at a lower temperature. More importantly, a catalyst has no effect on the chemical 

equilibrium of a reaction as it influences both the forward and backward reaction rates. The 

effect of a catalyst on the overall reaction rates is dictated by the strength of adsorption between 
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it and the reactants. Too strong and the product will never desorb, too weak and the reactants 

are not sufficiently activated which leads to little or no conversion. This rather compact 

description of an optimal catalyst is known as the Sabatier Principle.[16] 

The family of catalysts is very diverse, ranging from single atoms to large structures such as 

zeolites and enzymes and can be solids, liquids and even gases. When the catalyst is present in 

the same phase as the reactants, it is considered a homogeneous catalyst. Examples include 

enzymes, soluble metal salts and organometallic compounds. If reactants and the catalyst are 

present in different phases, the catalyst is considered heterogeneous. The catalyst in this case is 

usual a solid, and the reactants can exist as a liquid, gas or sometimes both, and this facilitates 

separation of the catalyst from the reactants and products. Heterogeneous catalysts are usually 

supported metals, metal oxides and ceramics, or zeolites.[17] 

 

 
Figure 1.1. Representation of a reaction energy diagram displaying the direct non-catalytic reaction of 

two arbitrary compounds and a far less energy-intensive catalytic pathway provided by a catalyst. 

1.2 The energy challenge 

The last couple of centuries has seen numerous transitions in the way society meets its energy 

demands. Where wood was the main source of energy in the pre-industrial era, exploitation of 

fossil fuel supplies such as oil, coal and natural gas has long since overtaken the contribution 

made by renewable sources.[18] However, continuous utilization of fossil resources has a 
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significant and negative impact on the environment due to the build-up of greenhouse gases, 

mainly CO2, which have an adverse effect on the global climate.[19] Additionally, fossil feedstocks 

are finite, and these severe issues are calling out for alternatives.[20] Although the energy sector 

can significantly decarbonize by exploiting energy sources such as solar, hydro-electric, wind 

and geothermal, the chemical industry is unable to do so as materials and chemicals are mainly 

carbon-based. Furthermore, it is expected that several modes of transportation such as aviation 

and heavy-duty road, rail and marine transport will remain depending on liquid fuels.[21] These 

concerns have spiked interest in industry and academia alike to develop sustainable processes 

and technologies for biomass exploitation. However, industrial biomass utilization is still in its 

infancy. Compared to fossil resources, which can be considered a substance containing 

primarily unfunctionalized and apolar hydrocarbons, biomass is a very heterogeneous mixture 

of compounds; its composition depending strongly on the source (Table 1.1).[22] 

Biomass comprises a complex system of polar, highly functionalized and reactive moieties, 

and is often encountered in the form of biopolymers, such as lignin and cellulose.[23,24] The 

established catalytic systems, optimized for processing fossil feedstocks cannot cope with the 

oxygen-rich and often aqueous environments needed to process biomass. As such, selective 

catalysts, essential for efficient conversion of biomass to valuable chemicals, are still in dire need 

of development. 
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Table 1.1. Composition of various biomass sources. Adapted from ref.[22] 

Source Cellulose Hemicellulose Lignin 

 wt% wt% wt% 

Hardwood stem 40-55 24-40 18-25 

Softwood stem 45-50 25-35 25-35 

Switchgrass 31-45 24-31 12-23 

Rice straw 35-38 25-26 13-25 

Wheat straw 35-40 21-27 15-25 

Bagasse 41-50 25-30 18-25 

Corn stover 27-48 13-27 14-31 

 Corn cob 34 34 18 

Beet pulp 23 36 1 

Coconut husk 44 12 33 

1.3 Lignocellulose 

Lignocellulose is the most abundant source of biomass with an average global production of 

180 billion tons.[25] A representation of lignocellulose is presented in Figure 1.2. Lignocellulose 

is constituted by lignin, cellulose and hemicellulose, which are all non-edible.[26] Of these three, 

lignin is the most resistant to degradation, comprising a dense network of functionalized 

aromatics. Its recalcitrant and poorly defined molecular structure limit application towards 

selective production of bulk chemicals. Instead, lignin is often converted under harsh 

conditions, yielding a wide range of products, primarily aromatics and substituted phenols.[27–

30] 
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Figure 1.2. Schematic representation of lignocellulosic biomass, indicating location of its constituents 

cellulose, hemicellulose and lignin. Characteristic building blocks of lignin, p-coumaryl, coniferyl, 
and sinapyl alcohol are also shown. Adapted with permission from ref.[26] 

 

Cellulose and hemicellulose are much more defined. Hemicellulose represents a group of 

amorphous heteropolymers comprising both hexoses and pentoses.[31] Cellulose is also a 

polysaccharide but is highly crystalline and solely consists of glucose repeat units bound 

through β-1,4-glycosidic links.[23] The uniform and well-defined structure of both hemicellulose 

and cellulose renders these polymers very attractive for selective conversion to biomass-derived 

compounds, so called platform molecules.[32,33] 

1.4 Platform molecules 

Implementation of biomass streams as primary feedstock in existing bulk chemical production 

processes requires a certain level of semblance between biomass-derived products and the 

valuable intermediates originally produced by the fossil industries. The hexose and pentose 

moieties yielded from depolymerization of (hemi)cellulose can be converted into small value-

added chemicals, identical or closely resembling those used in current processes. In 2004, the 

US Department of Energy released a report featuring a number of such chemicals, called 

platform molecules (Figure 1.3).[34] Many of the presented molecules are currently produced 

from fossil feedstocks and this highlights the role biomass can play, supplementing or even 
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replacing fossil resources in providing these important intermediates.[35] Especially 5-

hydroxymethylfurfural (5-HMF) and lactic acid have received considerable attention as the 

versatility of these chemicals allows their integration into many chemical processes.[36,37] 

 

 
Figure 1.3. Proposed cellulose valorization routes towards renewable platform chemicals. 

1.5  Concerning glucose chemistry 

Glucose can be converted into a large variety of C1 - C4 compounds, of which a handful were 

selected for Figure 1.3. Fermentation of glucose to lactic acid and succinic acid is industrially 

established as biological pathways readily exist in nature.[38–41] More challenging is the 

conversion of glucose to non-natural compounds such as the presented α,β- and α,ω-diols, and 

furanics. The required conditions usually involve high temperature in aqueous environment in 

which humins are prone to form as undesired by-products; complex condensates of sugars, 

products and intermediates present in the reaction mixture.[42–44] The use of water as a solvent 

can usually not be avoided however, as carbohydrates are only poorly soluble in organic 

solvents. With regards to 5-HMF, which is soluble in organic solvents, approaches to avoid 

humin formation tend to use biphasic mixtures where a cosolvent is used to extract 5-HMF 
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from the aqueous phase during reaction.[45–48] Several such approaches are listed in Table 1.2. 

Note that the starting material for 5-HMF production is not limited to glucose, but also includes 

fructose and starch. Usage of these alternatives is not desired, however, as exploiting these 

sources for production of chemicals is in direct competition with production of food. Glucose 

does not know this disadvantage per se as it can be obtained by depolymerizing non-edible 

cellulose.[49–51] 

 

Table 1.2. Several examples of carbohydrate conversion to 5-HMF. 

Substrate Catalyst Solvent Cosolvent Conditions Y/(S)5-HMF
[a] Ref 

Fructose None DMSO None 150 °C; 36 min 88 (88) % [52] 

Fructose HCl (0.1M) H2O:DMSO MiBK[b] 185 °C; 1 min 82 (86)% [53] 

Glucose Sn-Beta/HCl 3.5% NaCl (aq) THF 180 °C; 70 min 57 (72)% [45] 

Glucose CrCl2 EMImCl[c] None 100 °C; 180 min 70 (74)% [54] 

Glucose P/Nb2O5
[d] H2O None 120 °C; 180 min 52 (56)% [55] 

Glucose P/TiO2
[e] H2O SBP[f] 120 °C; 120 min 34 (70)% [56] 

Starch AlCl3 [Bmim]Cl[g] H2O:MiBK 140 °C; 20 min 56 (58)% [57] 

[a] 5-HMF yield (selectivity);   [b] Methyl-isobutylketone 
[c] 1-Ethyl-3-methylimidazolium chloride; [d] Phosphated Nb2O5•nH2O 
[e] Phosphated TiO2;    [f] sec-2-butylphenol 
[g] 1-Butyl-3-methylimidazolium chloride 

 

With regards to glucose, it is generally accepted that the conversion of 5-HMF proceeds 

through fructose as an intermediate, which is then dehydrated to 5-HMF.[58–60] This introduces 

an additional challenge as these reaction steps occur under different optimal conditions and 

combining these steps in a one-pot approach tends to lead to side-product formation. The 

isomerization involves hydrogen shifts from C-2 to C-1 and from O-2 to O-1, either facilitated 

as a proton transfer after deprotonation by a base, or by a hydride shift, stabilized by a Lewis 

acid (Figure 1.4).[59,61] Lewis acids are preferred for this isomerization as the subsequent 

dehydration is usually facilitated by Brønsted acids. 
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Figure 1.4. Simplified isomerization of glucose to fructose (open forms) by either a base or Lewis acid. 

 

 
Figure 1.5. Simplified reaction scheme of cellulose hydrolysis and further reaction steps. Main reactions 

include formation of glucose (1), erythrose (2), glycol aldehyde (3) and ethylene glycol (4), and routes 
to a set of possible side-products such as fructose (5), erytritol, (6), sorbitol/mannitol (7), 1,2-
butanediol (8), 1,2-hexanediol (9), 1,2-propanediol (10), and glycerol (11). 
 

Another useful conversion of glucose entails its conversion to a wide range of diols and 

polyols, achieved through a combination of retro-aldolization, isomerization and 

hydrogenation. Desired products include ethylene diol, 1,2- and 1,3-propylene diol, 1,4-
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butanediol and 1,6-hexanediol, which are all valuable monomers for the plastics industry.[62–64] 

Other compounds of interest are polyols such as erythritol and sorbitol, both used as artificial 

sweeteners.[65,66] The routes to some of these products is provided in Figure 1.5. Additionally. 

hydrogenolysis of ethylene glycol yields methane and methanol, both of which are widely-used 

C1 building blocks.[67] Selective dehydration of C4 sugars yields methyl vinyl glycolate; a novel 

polyester building block, which can also act as a crosslinker in existing polyester 

formulations.[68] 

The retro-aldol functionality is often provided by (supported) tungsten or a soluble tungsten 

salt, which can also perform isomerization depending on the conditions. Hydrogenation is 

usually performed by a supported noble metal as co-catalyst using molecular hydrogen gas as 

hydrogen source. Again, water tends to be the solvent of choice and in this case, humin 

formation is combatted either by providing a continuous stream of diluted glucose in fed-batch 

mode, or by taking advantage of the slow depolymerization kinetics of cellulose to glucose.[refs] 

Both methods ensure a continuous but low concentration of glucose in the reaction medium, 

and so attenuates by-product formation. Several approaches aiming at ethylene glycol using a 

variety of catalysts are listed in Table 1.3. 

 

Table 1.3. Overview of ethylene glycol production from cellulose and glucose. 

Substrate Catalyst Conditions Y/(S)EG
[a] Ref 

Cellulose AMT[b] + Ru/C 240 °C; 40 min; 5 MPa H2 47 (47)% [69] 

Glucose (FB)[c] AMT + Ru/C 240 °C; 40 min; 5 MPa H2 50 (50)% [69] 

Cellulose Ru/WO3 240 °C; 120 min; 5 MPa H2 76 (76)% [70] 

Cellulose WO3 + Ru/C 245 °C; 30 min; 6 MPa H2 49 (49)% [71] 

Cellulose WO3/ZrO2 + Ru/C 215 °C; 90 min; 5.2 MPa H2 59 (66)% [72] 

Glucose (FB) Ni-W2C/C 245 °C; 180 min; 6 MPa H2 47 (47)% [73] 

[a] Ethylene glycol yield (selectivity). 
[b] Ammonium metatungstate (NH4)6(H2W12O40). 
[c] Fed-batch. 
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1.6 Scope of the thesis 

The valorization of biomass into value-added intermediate compounds is integral for our 

transition from fossil fuels to renewable feedstocks for the production of energy and chemicals. 

Liberating these intermediates from biomass requires an entirely new family of selective and 

atom-efficient catalysts as the current processes are ill-equipped to handle the oxygen-rich 

feedstocks and aqueous environments required to process biomass. The compositional diversity 

of biomass necessitates development of a large family of catalysts with tunable active sites. In 

this work, we highlighted the formation of 5-hydroxymethylfurfural from glucose and its 

processing into monomers by both oxidation and hydrogenation. Additionally, we investigated 

production of ethylene glycol directly from cellulose. 

Chapter 2 covers the study towards tungsten-based solid acids with tunable water-tolerant 

Lewis and Brønsted acid sites, which are involved in the isomerization of glucose to fructose 

and its subsequent dehydration to 5-hydroxymethylfurfural. Reactions were conducted in 

biphasic mixtures containing water and THF. While water is undesirable in these reactions as 

it facilitates unwanted side-reactions, its presence cannot be avoided due to the insolubility of 

glucose in organic solvents. Earlier research proved the advantage of increased levels of 

Brønsted acidity induced by niobium doping. We showed that doping with titanium provides 

the same advantage, but with the extra benefit that titanium is significantly cheaper than 

niobium. 

Chapter 3 expands on the research performed in Chapter 2. Although we showed that 

doping tungsten oxide with niobium and titanium significantly increased activity, the overall 

rate was still limited by the low surface area of the catalyst. We were able to enhance the surface 

area by an order of magnitude by employing a non-hydrolytic sol-gel procedure. This yielded a 

mesoporous sub-stoichiometric tungsten oxide with inherently strong Brønsted acidity, which 

had a positive effect on the activity. Doping this material with various early-transition metals 

actually weakened its Brønsted acidity which did not enhance selectivity to 5-HMF. However, 
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this provided us with tools to investigate the impact of various relative and absolute levels of 

Lewis and Brønsted acidity. 

Chapter 4 discusses the use of the earlier-developed tungsten oxidic materials for aqueous 

depolymerization and retro-aldolization of cellulose to ethylene glycol, using ruthenium as co-

catalyst, either supported on carbon or impregnated onto our materials. The advantage of using 

cellulose over glucose is that its depolymerization kinetics ensures a low but steady glucose 

concentration, which attenuates formation of side-products. Here we found that undoped 

tungstite was the best-performing material as strong Brønsted acidity would undesirably 

accelerate cellulose depolymerization. Impregnation of this material with ruthenium increased 

selectivity towards ethylene glycol while lowering the production of higher polyols. 

Chapter 5 explores the influence of various ceria nanoshapes on the aerobic oxidation of a 

derivative of 5-HMF to 2,5-FDCA. Corma et al studied the oxidation of diluted aqueous 5-HMF 

to 2,5-FDCA, an analogue of the monomer terephthalic acid, using a highly active ceria-

supported gold catalyst. However, efficient industrial-scale valorization ideally involves 

concentrated feedstocks. The group of Nakajima recently developed a protection strategy, 

protecting the reactive aldehyde of 5-HMF as an acetal, which allow high aqueous 

concentrations (above 10%) of 5-HMF to be very selectively converted to 2,5-FDCA. We 

investigated how the nanostructure (polyhedral, cubic or rod shaped) of the ceria support 

would influence the activity of the catalyst and found some intriguing effects based on the 

nanoshape and method of gold impregnation. 

Chapter 6 deals with the suitability of the protection strategy mentioned in Chapter 5 for 

selective hydrogenation of 5-HMF to 2,5-furandimethanol (BHMF), a diolic monomer. 

Production of BHMF is not as thoroughly investigated as routes towards the fully hydrogenated 

THF dimethanol. BHMF, however, is a very interesting monomer as it retains its rigid furanic 

core. We found that titania-supported rhenium-promoted nickel catalysts are a highly active 

material to selectively hydrogenate 5-HMF to BHMF, using water as a solvent. Employing the 
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protection strategy mentioned above and carefully controlling the deprotection rate allowed us 

to work with 5-HMF concentrations approaching 20% with excellent selectivity. 
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Chapter 2 
Early transition metal doped tungstite as an effective catalyst for glucose 

upgrading to 5-hydroxymethylfurfural 

 

Abstract 

Glucose valorization to 5-hydroxymethylfurfural (5-HMF) remains challenging in the 
transition towards renewable chemistry. Lewis acidic tungstite is a viable, moderately active 
catalyst for glucose dehydration to 5-HMF. Literature reports a multistep mechanism involving 
Lewis acid catalyzed isomerization to fructose, which is then dehydrated to 5-HMF by Brønsted 
acid sites. Doping tungstite with titanium and niobium improves activity by optimizing the 
ratio between Lewis and Brønsted acid sites. 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

This chapter has been published as: Jan J. Wiesfeld, Nico A. J. M. Sommerdijk, Emiel J. M. Hensen, Catalysis 
Letters, 2018, 148, 3093–3101. DOI: 10.1007/s10562-018-2483-4 
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2.1 Introduction 

Continuous consumption of ever-diminishing fossil resources and the negative impact on the 

environment associated with their combustion calls for their replacement with alternative 

renewable feedstocks. Lignocellulosic biomass is a promising starting material for the 

production of sustainable fuels and chemicals.[1,2] Upgrading of biomass will likely revolve 

around a select number of platform molecules with a wide variety of downstream 

applications.[3,4] 5-Hydroxymethylfurfural (5-HMF) is regarded as one of the most versatile 

platform chemicals, its derivatives having potential applications as fuel additives, solvents and 

monomers for the plastics industry.[5,6]  

5-HMF can essentially be obtained from both fructose and glucose. While fructose is easier 

to upgrade to 5-HMF, it is also costly and scarce compared to glucose.[7–9] Glucose can be 

obtained from lignocellulosic biomass in relatively pure form, making it cheap and abundant 

compared to fructose. These aspects make glucose an attractive feedstock for 5-HMF.[10–13] 

However, the upgrading of glucose to 5-HMF is much more challenging than that of fructose.[14–

16] While mineral acids such as HCl and H2SO4 can be used as catalysts for the conversion of 

either sugar to 5-HMF in aqueous solution at elevated temperatures, especially glucose suffers 

from severe degradation to humins under these conditions.[17–19] Also, 5-HMF can be 

rehydrated to levulinic acid in water of low pH.[15,18] Sustainable 5-HMF production from 

glucose thus requires specialized and atom-efficient catalysts, as simple Brønsted acids alone 

are ill-equipped for this purpose. 

More efficient routes for glucose to 5-HMF conversion employ a bifunctional system to 

isomerize glucose to the more reactive fructose prior to its dehydration. Enzymes can facilitate 

the isomerization, but are incompatible with the acidic conditions necessary for the 

dehydration. Basic and Lewis acid catalysts can also carry out the isomerization, but Lewis acids 

are preferred for their stability in acidic environments.[20] While such two-step approaches are 

viable, one-pot strategies have attracted much interest recently. Mechanistically, it is commonly 

assumed that the conversion of glucose proceeds via fructose as an intermediate. Lewis acids 
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play an important role in isomerizing glucose to the more reactive fructose by stabilizing 

glucose in its acyclic form, facilitating a 1,2-hydride transfer and releasing fructofuranose 

(fructose).[21–24] Subsequent dehydration then removes three water molecules to form 5-HMF 

(Scheme 2.1). To optimize the selectivity, the reaction can be carried out in a biphasic or non-

aqueous system, thereby shielding 5-HMF from the acidic aqueous environment and 

preventing rehydration to levulinic acid.[8,16,25] 

 

 
Scheme 2.1. Reaction intermediates in the conversion of glucose to 5-HMF. 

 

Zeolites have been shown capable of isomerizing glucose to fructose, but require addition of 

a Brønsted acid to dehydrate the fructose to 5-HMF.[14] Additionally, the synthesis of the most 

effective zeolite for this purpose, Sn-modified Beta, is cumbersome and requires toxic reagents 

such as HF.[20,26] Additionally, zeolites are prone to framework damage when exposed to the 

high temperatures and aqueous media the reaction requires to proceed, diminishing its activity 

during prolonged reactions.[27,28] Homogeneous catalysts including Lewis acidic metal chlorides 

in ionic liquids are also unattractive because of the difficulties associated with separation.[29,30] 

A different branch of catalysts capable of these transformations are transition metal oxides 

such as TiO2, Nb2O5 and WO3. These materials are abundant and cheap, and express water-

tolerant Lewis acid sites and tunable acid-base properties with promising glucose-upgrading 

abilities.[31,32] Recently, we have shown that tungstite (WO3.H2O) is also a viable contender.[33] 

The material comprises distorted WO5.H2O octahedra, which share 4 equatorial corner oxygens 

to form a stacked sheet-like material with a low surface area. Perpendicular to each sheet, every 

W site is terminated alternatingly by a double bonded oxygen and coordinated water. Similarly 

to TiO2 and Nb2O5, it contains water-tolerant Lewis acid functionalities, but its Brønsted acidity 
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is relatively weak, which limits fructose dehydration rates. Doping the material with Nb proved 

a key factor in enhancing its activity.[33] 

In this work, we explored the effect of titanium as a dopant on the activity of tungstite, based 

on the results found by DFT calculations.[34] The materials were characterized in detail with the 

aim to judge the dispersion of the dopant in the bulk and at the surface of tungstite. 

2.2  Experimental methods 

2.2.1  Chemicals 

Tungsten hexachloride (WCl6, 99%, Alfa Aesar), niobium pentachloride (NbCl5, 99.9%, Alfa 

Aesar), titanium tetrachloride (TiCl4, 99%, Sigma Aldrich) were kept in an MBraun glovebox 

under an inert argon atmosphere. Titanium(IV)oxide (TiO2, Degussa P25) and 

niobium(V)oxide (Nb2O5, 99.5% Alfa Aesar) were used as commercial standards. D-(-)-glucose 

(99%, Sigma Aldrich), 5-hydroxymethylfurfural (5-HMF, 97%, Sigma Aldrich), 

tetrahydrofuran (THF, 99%, Biosolve), triethylamine (TEA, 99.9%, VWR) and acetonitrile 

(MeCN, HPLC-S grade, Biosolve) were used as received. Pyridine (Sigma Aldrich, 99%) was 

stored on freshly activated 3Å mol sieves (Merck). 

2.2.2  Catalyst preparation 

Preparation of WO3: WCl6 (3.97 g; 10.0 mmol) was dispersed in 160 mL deionized water in an 

open beaker in contact with air to initiate hydrolysis. The suspension was kept at 50 °C 

overnight while stirred magnetically. The yellow precipitate was collected by filtration and 

washed several times with deionized water until neutral pH of the filtrate was reached. The 

residue was then dried at 60 °C in vacuo overnight.  

NbWx (x representing W/Nb ratios of 10 and 5) samples were prepared in a similar fashion 

using physical mixtures of appropriate amounts of WCl6 and NbCl5. TiWx (W/Ti ratios of 10 

and 5) were prepared by adding an appropriate amount of WCl6 to 160 mL water first and 

injecting the correct amount of TiCl4 within 10 seconds using a Finn pipette with the tip 

submerged in the water. After drying, the materials were used without further treatment.  
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2.2.3  Characterization 

Elemental analysis was performed on a Spectroblue EOP ICP optical emission spectrometer 

with axial plasma viewing, equipped with a free-running 27.12 MHz generator operating at 

1400 W. Prior to the measurement, the samples were digested using a 4 M KOH solution. For 

Ti containing materials an equal volume of 8 vol. % HF was added to dissolve the titanium 

under gentle heating (~40 °C). 

X-ray photoelectron spectroscopy (XPS) was performed on a Thermo Scientific K-alpha 

equipped with a monochromatic small-spot X-ray source and a 180° double focusing 

hemispherical analyzer with a 128-channel detector. Initial pressure was 8·10-8 mbar or less 

which increased to 2·10-7 mbar due to the active argon charge compensation dual beam source 

during measurement. For a typical sample preparation, fresh catalyst was pressed down on 

carbon tape supported by an aluminium sample plate. Spectra were recorded using an AlKα X-

ray source (1486.6 eV, 72W) and a spot size of 400 μm. Survey scans were taken at a constant 

pass energy of 200 eV, 0.5 eV step size, region scans at 50 eV constant pass energy with a step 

size of 0.1 eV. XPS spectra were calibrated to the C-C carbon signal (284.8 eV) obtained from 

adventitious carbon and deconvoluted with CasaXPS. The peak areas thus obtained were used 

to estimate surface chemical composition. 

Nitrogen sorption data was recorded on a Micrometrics Tristar 3000 in static measurement 

mode at -196 °C. The samples (typically 150 mg) were pretreated at 120 °C under a gentle N2 

stream overnight prior to the sorption measurements. The Brunauer-Emmett-Teller (BET) 

equation was used to calculate the specific surface area (SBET) from the adsorption data (p/p0 = 

0.05-0.25). 

Transmission electron microscopy (TEM) images were obtained in bright field mode from a 

FEI Tecnai 20 (type Sphera) operating with a LaB6 filament at 200 kV and a bottom mounted 

1024 x 1024 Gatan msc 794™ CCD camera 
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Elemental mapping was performed on a probe Cs corrected Titan² (FEI) operating at 300 kV 

in ADF-STEM mode using an Oxford Instruments X-MaxN 100TLE EDX detector. Suitable 

samples were prepared by dropping a suspension of finely ground material in analytical grade 

absolute ethanol onto Quantifoil R 1.2/1.3 holey carbon films supported on a copper grid. 

Powder X-ray diffraction (XRD) patterns were recorded on a Bruker Endeavour D2 Phaser 

diffractometer using Cu Kα radiation with a scanning speed of 0.6 ° min-1 in the range of 5 °≤ 

2θ ≤ 60 °. Crystal phases were identified using the DIFFRAC.EVA software package and the 

PDF-2 crystallographic database (version 2008). 

Infrared (IR) spectrometry was used to evaluate acidic properties of the materials. Spectra were 

recorded in the range of 4000-1200 cm-1 at a resolution of 2 cm-1 on a Bruker Vertex V70v 

equipped with a DTGS detector and CaF2 windows. A total of 64 scans were averaged for each 

spectrum. Typically, finely powdered material was pressed into self-supporting wafers with 

density ρ ≃ 25 mg cm-2 using a pressing force of 3,000 kg and placed inside a variable 

temperature IR transmission cell coupled to a closed gas circulation system. The samples were 

then outgassed at 70 °C in vacuo until a pressure of 2·10-6 mbar or lower was reached. Prior to 

pyridine adsorption, the sample was kept at 70 °C and a sample background was recorded. 

Pyridine was then introduced into the cell until saturation was reached, and physisorbed 

pyridine was removed in vacuo for 1 hour. A second spectrum was recorded at this point. 

Difference spectra were obtained by subtraction of the sample background from the recorded 

spectra. Processing and deconvolution of the signals in the 1600-1400 cm-1 region was 

performed with Fityk curve fitting program using molar extinction coefficients determined by 

Datka et al.[35] Acid site densities were calculated per Equation 2.1. 

 

𝑁𝑁 =
𝐴𝐴
𝜖𝜖 ∙ 𝜌𝜌

 (2.1) 

 

where N is the density of respective acid sites (μmol mg-1), A the integrated peak area (cm-1), ε 

the integrated molar extinction coefficient (cm μmol-1) and ρ the wafer density (mg cm-2). 
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2.2.4  Catalytic activity tests 

Batch reactions were performed at 120 °C under autogenous pressure in Pyrex tubes (inner 

volume 12 mL) equipped with a magnetic stirring bar. For a typical experiment, 5 tubes were 

each charged with 40 mg glucose dissolved in 4 mL of a biphasic H2O/THF mixture, volume 

ratio 1/9, in which 40 mg of catalyst was suspended and sealed with a PTFE stopper. After a 

corresponding reaction time, the reaction was quenched by immersion of the tube in an 

ice/water bath. Reaction times of 30, 60, 120, 180 and 240 minutes were used. Aliquots were 

filtered through a 0.45 μm PTFE filter and analyte concentrations were determined by a 

Shimadzu HPLC system equipped with autosampler and column oven. Glucose and fructose 

were separated on a Shodex Asahipak NH2P-50 2D kept at 35 °C and detected by ELSD (ELSD-

LT II operating at 40 °C, gas pressure 350 kPa) using 70:30 MeCN:H2O modified with 0.001 M 

TEA as mobile phase (0.2 mL min-1). 5-HMF was measured by UV-Vis (SPD-M20A operating 

at 40 °C, λmax 284 nm) using a Phenomenex Kinetex 5u EVO C18 100A reversed phase column 

at 40 °C for separation and 5:95 MeCN:H2O as mobile phase (0.4 mL min-1). Conversion, yield 

and selectivities of the respective compounds were calculated using the following formulas and 

converted to percentages when appropriate: 

 

𝑋𝑋 = �1 −
𝑛𝑛𝑡𝑡
𝑛𝑛0
� (2.2) 

𝑌𝑌𝑝𝑝 = �
𝑛𝑛𝑝𝑝

𝑛𝑛0 − 𝑛𝑛𝑡𝑡
� (2.3) 

𝑆𝑆𝑝𝑝 = 𝑋𝑋 ∗ 𝑌𝑌𝑝𝑝 (2.4) 

 

where X is the conversion of glucose, YP the product yield, n0 and nt the glucose concentrations 

at t = 0 and t = reaction time, and nP the product concentration. 

2.3  Results and discussion 

Hydrolysis of WCl6 in water initially yielded a gray suspension, which turned yellow overnight. 

Collection and drying of the formed material provided a vividly yellow, easy to disperse solid. 
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Hydrolysis of the NbCl5/WCl6 physical mixtures behaved similarly and yielded similarly yellow 

colored, more voluminous oxides NbW10 and NbW5 (W/Nb = 10 or 5). On the other hand, 

the synthesis of TiW10 and TiW5 (W/Ti = 10 or 5) yielded a pale-yellowish, very dense, grainy 

material. 

 

Table 2.1. Atomic surface concentrations of WVI/WV and surface and bulk W/dopant ratios. 

Catalyst WVI 4f7/2 WV 4f5/2 W/Dopant[a] W/Dopant[b] 

eV % eV % - - 

WO3 35.9 94.4 34.8 5.6 - - 

NbW10 35.9 93.6 34.8 6.4 10.4 10.1 

NbW5 35.9 88.8 34.8 11.2 5.78 4.98 

TiW10 35.9 94.2 34.8 5.8 15.3 11.9 

TiW5 35.9 93.5 34.8 6.5 11.9 4.44 

[a] Determined by XPS 
[b] Measured by ICP 

 

XPS and ICP results are summarized in Table 2.1. All doped materials contain the desired 

amount of dopant as evidenced by ICP. The bulk and surface W/Nb ratios of NbW10 and 

NbW5 match quite well, indicating no surface segregation. However, the content of titanium in 

the bulk of the TiWx samples is significantly higher than the surface content. Deconvolution of 

the tungsten 4f region yields two separate W 4f7/2, W 4f5/2 doublets, presented in Figure 2.1. For 

the W 4f7/2 peaks, binding energies were found at 34.8 eV and 35.9 eV, which were assigned to 

the WV and WVI oxidation states respectively.[36] Deconvolution of the peaks representing the 

dopants (Nb 3d and Ti 2p) yielded a single doublet for either material. Binding energies for the 

Nb 3d5/2 and Ti 2p3/2 components were 207.6 eV and 459.2 eV and were assigned to the fully 

oxidized states (NbV and TiIV).[37,38] 
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Table 2.2. Physico-chemical properties of undoped and doped tungsten oxides. 

Catalyst SBET NLAS
[a] NBAS

[a] 

m2 g-1 mmol g-1 μmol m-2 mmol g-1 μmol m-2 

WO3 17 0.058 3.44 0.029 1.70 

NbW10 24 0.076 3.15 0.034 1.44 

NbW5 35 0.099 2.84 0.079 2.27 

TiW10 5.4 0.008 1.42 0.022 4.13 

TiW5 3.9 0.005 1.37 0.039 9.91 

[a] Lewis acid site density 
[b] Brønsted acid site density. 
 

 
Figure 2.1. XPS spectra of the as-prepared materials. Experimental data are represented by open circles 

and the fit as a black curve. W 4f fits are composed of WVI (blue) and WV (green). Dopant Ti 2p and 
Nb 3d fits are displayed in blue. 

 
Of note is that the amount of WV species differs from material to material. The undoped 

oxide contains ~5.6 % as WV (Table 2.1). Increasing levels of Nb raise the level of WV to 6.9% 

for NbW10 (W/Nb ratio of 10) and to 11% for NbW5 (W/Nb ratio of 5). Reduction of W due 

to the inclusion of niobium has been described before.[39,40] Doping WO3 with Ti also increased 

the WV content, but to a lesser extent. Finally, no surface chlorine was present on the samples, 

indicated by the absence of the Cl 2p signal. 

Textural properties of the bulk materials were evaluated using N2 physisorption. Surface 

areas are summarized in Table 2.2. NbW5 has the highest surface area (35 m² g-1) and TiW5 
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the lowest (5 m² g-1). Isotherms of all materials, displayed in Figure 2.2, were of the type IV 

shape with a H3 hysteresis loop, indicative of aggregates of plate-like materials forming slit-like 

macropores.  

 

 
Figure 2.2. N2 sorption isotherms of as-prepared materials. 

 

TEM micrographs present a sheet-like morphology for WO3, NbW5 and TiW5 (Figure 2.3), 

which is in keeping with the physisorption measurements. The sheets of WO3 and NbW5 have 

well-defined edges in contrast to the quite corrugated plane edges of TiW5. 

 

 
Figure 2.3. Representative TEM images of WO3, NbW5 and TiW5. 
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Figure 2.4. X-ray diffractograms of the different materials: tungstite is represented by ♦, hydrotungstite 

by ●. 

 

XRD (Figure 2.4) shows that WO3 consists primarily of tungstite [PDF 043-0679] with 

hydrotungstite [PDF 018-1420] as a minor fraction. Both phases consist of stacked planes built 

up of equatorial corner-sharing WO5.H2O octahedral and each plane is terminated with 

alternating double bonded oxygen or coordinated H2O. The planes are held together by 

hydrogen bonds. The phases primarily differ in an extra layer of water intercalated between 

every two hydrotungstite planes. Both NbW10 and NbW5 materials comprise a pure 

hydrotungstite phase, decreasing in crystallinity with increasing Nb content. TiW10 and TiW5 

are mostly amorphous, although a hydrotungstite phase can still be identified in both samples. 

Probably, this is caused by the tetrahedral coordination that TiIV can adopt, disrupting the 

otherwise planar tungstite layers.[34] Substituting WVI with NbV on the other hand will maintain 

the planar ordering as NbV can take on a square pyramidal coordination with four equatorially 

placed oxygens. The planar morphology of all materials affirms the findings found with 

sorption and TEM measurements. No Nb2O5 or TiO2 phases were found in the diffractograms, 

showing full incorporation of the dopants into the WO3 framework. This was additionally 

confirmed by aid of STEM-EDX (Figure 2.5). Although minor inhomogeneities were observed, 

no segregation between dopant oxides and tungstite could be detected. 
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Figure 2.5. Elemental EDX maps for NbW5 and TiW5. 

 

Previous work shows that doping WO3 with niobium increased the Brønsted acidity of the 

material.[33] The exchange of Lewis acidic WVI cations by NbV species induces a charge defect 

which is compensated by acidic protons, thus increasing the amount of Brønsted acid sites 

(BAS). Concurrently, this exchange decreased the number of Lewis acid sites (LAS) as the 

relative amount of WVI is lowered. 

The as-produced materials were therefore analyzed on acidic properties using pyridine as 

probe molecule using integrated molecular absorption coefficients as established by Datka et 

al.[35] Results are presented in Table 2.2. Expectedly, undoped WO3 has the highest density of 

LAS, but also possesses a reasonable density of BAS. The latter are likely derived from the partial 

reduction of WVI to WV. Generally, increasing amounts of either dopant lowers the amount of 

LAS and increases the amount of BAS. Additionally, the effects of Ti doping are more 

pronounced than inclusion of Nb. Where NbW10 presents only a minor decrease in LAS and 

actually a lower density of BAS, TiW10 loses roughly half of its LAS and possesses more than 

double the amount of BAS compared to undoped WO3. This trend continues in TiW5 where 

the density of LAS is reduced slightly and the BAS density is double that of TiW10. We expect 

that the inclusion of Ti4+ induces a larger charge defect as compared to that Nb5+, which in the 

extreme case needs compensation by two acidic protons instead of one. 
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Figure 2.6. Activity plots of undoped WO3 (left), NbWx (center) and TiWx (right). Squares represent 
glucose conversion, and circles and triangles represent 5-HMF and fructose yield respectively. Closed 
black circle for leftmost graph represents 5-HMF yield when no HCl is added after 3 hours of reaction 
time.  

 

Activity tests of the five materials are displayed in Figure 2.6. All materials were able to reach 

full glucose conversion within 4 hours. The conversion rate was substantially higher for the 

doped materials. Undoped WO3 exhibits a poor selectivity to 5-HMF, evidenced by the low 

yield of 15% after 4 hours of reaction (Figure 6, left graph). Addition of HCl after 3 hours 

increased the yield to 55%, indicating that the Brønsted acidity of the undoped oxide is too low 

to efficiently perform the dehydration steps. In contrast, the doped materials were all able to 

complete this dehydration unaided and with a much higher activity, leading to selectivities of 

roughly 55-60%. The remainder of the converted glucose is inadvertently lost due to side-

product formation such as humins, which can form from glucose, 5-HMF, fructose and other 

intermediates. Interestingly, the TiWx and NbWx materials perform equally well, although 

TiWx has an order of magnitude lower surface area than NbWx. This can be ascribed to the 

substantially higher density of BAS in TiWx.  

As control experiments, the catalytic performance of commercial Nb2O5 and TiO2 powders 

was tested using the same conditions as for the undoped and doped WO3 oxides (Figure 2.7). 

Niobia and titania convert glucose relatively fast, as no trace of glucose is found after 30 minutes 

of reaction. Fructose was also not detected at any stage. 5-HMF yields for niobia and titania 
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remain steady after 30 minutes at respectively 22 % and 0.6 %, much lower than any of the 

tungsten-based oxides. This shows that doped tungsten oxides are a promising material for the 

promotion of glucose dehydration to 5-HMF. 

 

 
Figure 2.7. Activity plots of commercial Nb2O5 and TiO2. Solid lines represent conversion, dotted lines 

represent yield. Note that data for conversion overlaps as either oxide reaches 100% conversion 
within 30 minutes. 

 

From the activity data and the literature insights on glucose dehydration mechanism, we can 

deduce that Lewis acid sites catalyze the initial isomerization step of glucose to 

fructose.[18,22,32,34,42] This leads to fructose as an intermediate. In most experiments, the 

maximum fructose yield is observed after a reaction time of 30 minutes. The yield is relatively 

low in all cases, indicating that fructose is rapidly converted to other products. The remaining 

steps to obtain 5-HMF from the fructose entail dehydration steps, which are catalyzed by 

Brønsted acid sites. 

2.4 Conclusions 

Undoped, and niobium and titanium-doped oxides were successfully prepared by aqueous 

precipitation of WCl6, NbCl5 and TiCl4 with final dopant/tungsten ratios close to desired ratios. 

The dopants were shown to have tremendous effect on physicochemical parameters, most 

notably on surface areas and morphologies. Niobium had a positive effect on available surface 

areas, replacing 20% of tungsten by niobium doubled the available surface area. In contrast, 
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inclusion of only 10 at% of titanium significantly lowered the surface area by a factor 4. 

Undoped WO3 comprises a tungstite crystal phase, doped materials all expressed a 

hydrotungstite phase to some extent. Also, separate Nb2O5 and TiO2 phases were not detected, 

instead it was shown that the dopants are quite homogeneously distributed throughout the 

materials. Both niobium and titanium were able to increase Brønsted acidity of tungstite which 

had a positive effect on activity although final selectivities were mostly unaffected. Optimized 

5-HMF selectivities were in the 55 % to 60 % range, the remainder being humins. Interestingly, 

while both TiW5 and NbW5 have comparable 5-HMF formation rates, their surface areas differ 

by an order of magnitude. This indicates that TiW5 is significantly more active on a surface area 

base, which is explained by the relatively high density of BAS this material possesses. Compared 

to titania and niobia reference materials that display high glucose conversion rates but low 5-

HMF selectivity, doped WO3 stand out as cheap materials with a high density of Lewis and 

Bronsted acid sites for efficient conversion of glucose to 5-HMF. 
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Chapter 3 
Mesoporous doped tungsten oxide for glucose dehydration to 5-

hydroxymethylfurfural 

 

Abstract 

Glucose valorization to 5-hydroxymethylfurfural (5-HMF) remains a challenging conversion 
that is highly relevant in the transition towards a sustainable chemical industry. Lewis acidic 
tungstite is a viable, moderately active catalyst for glucose upgrading to 5-HMF but suffers from 
low surface area and weak Brønsted acidity. A facile non-templated sol-gel process produces a 
mesoporous sub-stoichiometric tungsten oxide with high surface area and Brønsted acidity, and 
increased activity towards 5-HMF production. The material is easily doped with early transition 
metals, which strongly modify physico-chemical parameters such as the acidity and, 
accordingly, the catalytic activity of the mesoporous oxide. Glucose was converted to 5-HMF 
in H2O/THF mixtures using doped and undoped materials. Kinetic parameters established by 
variation of the temperature and reaction times show a strong dependence on the nature of the 
dopant and pretreatment of the catalytic material. 
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3.1 Introduction 

Lignocellulosic biomass can provide renewable routes to supplement or substitute fossil 

feedstocks on which we currently depend for the production of chemicals and fuels.[1] Efficient 

biomass valorization will require the selection of a limited number of platform molecules that 

enable development of product families with a wide range of applications at a reasonable cost. 

Currently, such platform molecules include amongst others lactic acid, glycerol and 5-

hydroxymethylfurfural (5-HMF).[2] 5-HMF is deemed to be one of the most versatile biobased 

intermediate chemicals with prospective applications such as fuel additives, solvents and 

monomers for the plastics industry.[3] 

5-HMF can be obtained from both fructose and glucose.[4,5] Although it is easier to convert 

fructose to 5-HMF than glucose, this route is hampered by the substantial lower availability and 

higher cost of fructose.[6] Glucose can be produced by depolymerization of cellulose, obtained 

from widely available woody biomass and inedible parts of food crops.[7,8] Industrially attractive 

5-HMF production from biomass requires atom-efficient and specific water-tolerant catalysts, 

because cheap Brønsted acids do not provide sufficient selectivity and water remains the 

preferred solvent because of cost and green chemistry reasons.[4,9] 

 

 
Scheme 3.1. Reaction intermediates in the conversion of glucose to HMF. 

 

Relevant approaches to convert glucose to 5-HMF with a good yield hinge typically on two 

reactions steps, namely the initial conversion of glucose to fructose via isomerization, followed 

by fructose dehydration to 5-HMF (Scheme 3.1).[10,11] One-pot catalytic systems that combine 

these two functionalities have attracted substantial attention recently. To optimize selectivity in 

one-pot approaches, reactions are usually carried out in biphasic or non-aqueous solvents in 
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order to shield the reactive 5-HMF from the aqueous acidic environment, thereby preventing 

side-reactions such as rehydration to levulinic acid.[5] 

One-pot strategies usually employ heterogeneous or homogenous Lewis acidic materials 

such as zeolites and transition metal salts to facilitate glucose to fructose isomerization but 

require addition of a Brønsted acid to swiftly dehydrate the fructose to 5-HMF.[5,12] Zeolite 

synthesis is cumbersome, however, and requires toxic reagents such as HF.[13] Also, zeolites 

suffer from framework damage when exposed to the conditions required for these reactions to 

proceed, diminishing its activity during prolonged reactions.[14] Homogeneous catalysts are also 

unattractive because of the difficulties associated with separation.[12]  

Cheap transition metal oxides such as TiO2 and Nb2O5 express water-tolerant Lewis acid sites 

and tunable acid-base properties, which are promising attributes for selective glucose 

conversion.[15,16] Recently, we have shown that doping Lewis acidic tungstite with niobium or 

titanium enhances its otherwise moderate selectivity towards 5-HMF by enhancing its Brønsted 

acidity.[17] However, tungstite has a low surface area which negatively impacts its activity. 

Strategies to enhance the surface area of metal oxides usually involve hard or soft templating 

agents.[18,19] Both approaches come with their own set of challenges when attempting to remove 

the template. Hard templating methods require harsh chemicals such as HF to etch the silica 

scaffold away, while removal of soft templates needs extensive washing steps and calcination, 

sometimes causing loss of or degradation of the quality of the desired material. 

In the present work, we employed a more facile approach to obtain mesoporous tungsten 

oxides, based on a general procedure developed by Tricoli et al. which utilizes a template-free 

non-hydrolytic alcohol-based sol-gel process.[20] In our work, we introduced WCl6 and a 

selection of dopant precursors into mixtures of n-butanol and tert-butanol, followed by ageing 

at moderate temperatures. The ratio of n-butanol and tert-butanol significantly influences the 

physicochemical properties of the obtained porous materials as discovered by the group of 

Tricoli. n-Butanol acts as a capping agent due to formation of metal-alkoxide species which are 

slow to hydrolyze and as such decreases the rate of particle growth. tert-Butanol, on the other 

hand, generates metal-hydroxide groups which condense very quickly with W-Cl species to 
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form W-O-W bonds. Additionally, these alcohols can partially reduce the W6+ cations to W5+ 

as elemental chlorine is released during the initial reaction of primary alcohols with WCl6. The 

released chlorine will then oxidize unreacted alcohols to aldehydes and form HCl.[21] In our 

work, we confirm that this method yields mesoporous mixed-valence tungsten oxides with high 

surface area and appreciable pore volume. The mixed valence state proved beneficial to the 

activity of this mesoporous material as it contained an appreciable amount of strong Brønsted 

acid sites. We also found an additional advantage to this template-free system as most 

approaches towards mesoporous WO3 end up with monoclinic tungsten oxide, which, we 

discovered, is detrimental to the activity and selectivity towards 5-HMF. The β-tungsten oxide 

that this template-free approach yielded was much more active than monoclinic WO3. 

3.2 Experimental methods 

3.2.1 Chemicals 

Tungsten hexachloride (WCl6, 99%, Alfa Aesar), niobium pentachloride (NbCl5, 99.9%, Alfa 

Aesar), titanium tetrabutoxide (Ti(OBu)4, 99%, Alfa Aesar), zirconium tetrabutoxide 

(Zr(OBu)4, 80 wt.% in 1-butanol, Alfa Aesar), vanadium triisopropoxide oxide (VO(OiPr)3, 

96%, Alfa Aesar) were kept in an MBraun glovebox under an inert argon atmosphere. n-butanol 

(n-BuOH, 99.8%, Sigma-Aldrich) and tert-butanol (t-BuOH, ≥ 99.5%, Sigma-Aldrich) were 

distilled over CaH2 and stored on freshly activated 3Å molsieves (Merck) under inert 

atmosphere. D-(-)-glucose (99%, Sigma Aldrich), D-(+)-fructose (99%, Sigma Aldrich), 5-

hydroxymethylfurfural (5-HMF, 97%, Sigma Aldrich), tetrahydrofuran (THF, 99%, Biosolve), 

triethylamine (TEA, 99.9%, VWR) and acetonitrile (MeCN, HPLC-S grade, Biosolve) were used 

as received. Pyridine (Sigma Aldrich, 99%) was stored on freshly activated 3Å mol sieves 

(Merck). Titanium(IV) oxide (TiO2, Degussa P25), niobium(V) oxide (Nb2O5, 99.5% Alfa 

Aesar), zirconium(IV) oxide (ZrO2, 99.7%, Alfa Aesar), vanadium(V) oxide (V2O5, 99.2%, Alfa 

Aesar), and tungsten(VI) oxide (WO3, 99.8%, Alfa Aesar) were used as commercial standards. 
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3.2.2 Catalyst preparation 

Bulk-WO3-uc (uncalcined) was prepared by hydrolysis of WCl6 (3.97 g; 10.0 mmol) in 160 mL 

deionized water kept at 50 °C overnight while stirring magnetically. The yellow precipitate was 

collected by filtration and washed several times with deionized water until neutral pH of the 

filtrate was reached. The residue was then dried at 60 °C in vacuo overnight. Portions of the 

dried powder were calcined at 300 °C and 600 °C for 3 hours using a heating rate of 3 °C min-1 

in artificial air (volumetric He/O2 = 4). The calcined portions were labeled bulk-WO3-T, with T 

denoting the calcination temperature. 

Meso-WO3-uc (uncalcined) was prepared using a modified literature procedure.[20] Under 

inert conditions, WCl6 (7.20 g, 18.2 mmol) was dispersed into a cooled (0 °C) mixture of n-

BuOH (10.8 mL) and t-BuOH (10.8 mL). The mixture was stirred vigorously for 10 minutes 

until a dark blue solution was obtained, which was then poured into a Teflon-lined autoclave 

and aged at 100 °C for 24 hours. Dark blue solids were collected by filtration, washed several 

times with ethanol and dried overnight at 110 °C under vacuum to remove residual organics. 

Doped variants of meso-WO3-uc (meso-TiW5-uc, meso-VW5-uc, meso-ZrW5-uc) were 

prepared by mixing the appropriate amount of metal alkoxide into the alcohol mixture prior to 

adding the WCl6 to achieve W/dopant atomic ratios of 5. Meso-NbW5-uc was obtained from 

dispersing a physical mixture of NbCl5 and WCl6 into the alcohol mixture. The mixtures 

acquired after full dissolution of the metal precursors were treated similarly as for the 

preparation of meso-WO3-uc. 

Portions of each dried material were calcined at 300 °C and 600 °C in a tube oven under 

flowing artificial air (volumetric He/O2 = 4, 3 h, heating rate 3 °C min-1). The so-obtained 

samples are denoted as meso-WO3-T and meso-MW5-T, with M indicating the dopant metal 

(M = Ti, V, Zr), and T the calcination temperature. 

3.2.3 Characterization 

Elemental analysis was performed on a Spectroblue EOP ICP optical emission spectrometer 

with axial plasma viewing, equipped with a free-running 27.12 MHz generator operating at 
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1400 W. Prior to the measurement, the samples were digested using a 4 M KOH solution. For 

Ti and Zr containing samples, 8 vol. % HF was added to dissolve the dopant under heating (40 

°C). 

Powder X-ray diffraction (XRD) patterns were recorded on a Bruker Endeavour D2 Phaser 

diffractometer using Cu Kα radiation with a scanning speed of 0.6 ° min-1 in the range of 5 °≤ 

2θ ≤ 60 °. Crystal phases were identified using the DIFFRAC.EVA software package and the 

PDF-2 crystallographic database (version 2008). 

In situ XRD experiments were performed on a Bruker D8 Advance using Mo Kα radiation with 

a scanning speed of 10.8 ° min-1 in the range of 20 °≤ 2θ ≤ 65 °. Resulting data was converted 

using Bragg’s Law to be comparable with spectra obtained using Cu Kα radiation. The 

experiment was performed under inert conditions while heating the sample from an initial 45 

°C to 655 °C, using a heating ramp of 5 °C/min. Measurements were taken in isothermal 

conditions. 

X-ray photoelectron spectroscopy (XPS) was performed on a Thermo Scientific K-alpha 

equipped with a monochromatic small-spot X-ray source and a 180° double focusing 

hemispherical analyzer with a 128-channel detector. Initial pressure was 8·10-8 mbar or less 

which increased to 2·10-7 mbar due to the active argon charge compensation dual beam source 

during measurement. For a typical sample preparation, fresh catalyst was pressed down on 

carbon tape supported by an aluminium sample plate. Spectra were recorded using an Al Kα X-

ray source (1486.6 eV, 72W) and a spot size of 400 μm. Survey scans were taken at a constant 

pass energy of 200 eV, 0.5 eV step size, region scans at 50 eV constant pass energy with a step 

size of 0.1 eV. XP spectra were calibrated to the C-C carbon signal (284.8 eV) obtained from 

adventitious carbon and deconvoluted with CasaXPS. The peak areas thus obtained were used 

to estimate surface chemical composition. 

Transmission electron microscopy (TEM) images were obtained in bright field mode from a 

FEI Tecnai 20 (type Sphera) operating with a LaB6 filament at 200 kV and a bottom mounted 

1024 x 1024 Gatan msc 794™ CCD camera. Suitable samples were prepared by dropping a 
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suspension of finely ground material in analytical grade absolute ethanol onto Quantifoil R 

1.2/1.3 holey carbon films supported on a copper grid. 

Diffuse-reflectance UV-Vis (DR-UVvis) measurements were carried out on a Shimadzu UV-

2401PC equipped with an LSR-240A 60 mm integrating sphere and referenced against BaSO4. 

Finely ground samples were pressed down in a sample holder such that a flat surface was 

obtained. Spectra were recorded in reflectance mode in the range of 700-190 nm using a slit 

width of 5 nm and a scan speed of 3 nm s-1. 

Nitrogen sorption data was recorded on a Micrometrics Tristar 3000 in static measurement 

mode at -196 °C. The samples (typically 150 mg) were pretreated at 120 °C under a gentle N2 

stream overnight prior to the sorption measurements. The Brunauer-Emmett-Teller (BET) 

equation was used to calculate the specific surface area (SBET) from the adsorption data (p/p0 = 

0.05-0.25). Mesopore volumes (Vmeso), if applicable, were calculated using the Barrett-Joyner-

Halenda (BJH) method on the adsorption branch. 

Infrared (IR) spectroscopy was used to evaluate acidic properties of the materials, using 

pyridine as probe molecule. Spectra were recorded in the range of 4000-1200 cm-1 at a resolution 

of 2 cm-1 on a Bruker Vertex V70v equipped with a DTGS detector and CaF2 windows. A total 

of 64 scans were averaged for each spectrum. Typically, finely powdered material was pressed 

into self-supporting wafers with density ρ ≃ 25 mg cm-2 using a pressing force of 3,000 kg, and 

placed inside a variable temperature IR transmission cell coupled to a closed gas circulation 

system. The samples were then outgassed at 70 °C in vacuo until a pressure of 2·10-6 mbar or 

lower was reached. Prior to pyridine adsorption, the sample was kept at 70 °C and a sample 

background was recorded. Pyridine was then introduced into the cell until saturation was 

reached, and physisorbed pyridine was removed in vacuo for 1 hour. A second spectrum was 

recorded at this point. Difference spectra were obtained by subtraction of the sample 

background from the recorded spectra. Processing and deconvolution of the signals in the 1600-

1400 cm-1 region was performed with Fityk curve fitting program using molar extinction 

coefficients determined by Datka et al.[22] Acid densities were calculated using Equation 2.1. 
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3.2.4 Catalytic activity measurements 

Batch reactions were performed at a range of temperatures (105-135 °C) under autogenous 

pressure in sealed Pyrex tubes (inner volume 12 mL) equipped with a magnetic stirring bar. For 

a typical experiment, 5 tubes were each charged with 40 mg glucose dissolved in 4 mL of a 

biphasic H2O:THF mixture, volume ratio 1:9, in which 40 mg of catalyst was suspended. After 

a corresponding reaction time, the reaction was quenched by immersion of the tube in an 

ice/water bath. Reaction times of 30, 60, 120, 180 and 240 minutes were used. 

Spent catalysts were recovered by centrifugation, washed twice with demineralized water and 

dried at 70 °C overnight to be used for XPS analysis or recycle experiments. Aliquots were 

filtered through a 0.45 μm PTFE filter and analyte concentrations were determined by a 

Shimadzu HPLC system equipped with autosampler and column oven. Glucose and fructose 

were separated on a Shodex Asahipak NH2P-50 2D kept at 35 °C and detected by ELSD (ELSD-

LT II operating at 40 °C, gas pressure 350 kPa) using 70:30 MeCN:H2O modified with 0.001 M 

TEA as mobile phase (0.2 mL min-1). 5-HMF was measured by UV-Vis (SPD-M20A operating 

at 40 °C, λmax 284 nm) using a Phenomenex Kinetex 5u EVO C18 100A reversed phase column 

at 40 °C for separation and 5:95 MeCN:H2O as mobile phase (0.4 mL min-1). 

Side-products were analyzed on an Agilent 1200 LC-MS equipped with an ESI ion trap mass 

spectrometer (Agilent ion trap 6320, ESI negative ionization mode, dry temperature 350 °C, dry 

gas flow 9 L min−1, nebulizer gas pressure 275 kPa, capillary voltage 3500 V). A Hypersil C18‐

AR column was employed using acetonitrile (ACN) and water containing 0.1 % formic acid 

(water/FA) as the mobile phases, and was eluted according to the following gradient at a total 

flow rate of 0.2 mL min−1: 0 min, 98 % water/FA; 10 min, 80 % water/FA; 11 min, 100 % ACN; 

13 min, 2 % water/FA. Conversion, yield and selectivities of the respective compounds were 

calculated per Equations 2.2 – 2.4. 

3.3 Results and discussion 

Previous computational and experimental studies indicate that doping tungstite with cations 

such as titanium, vanadium, zirconium and niobium increases the rate of isomerization and 
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dehydration of glucose to 5-HMF.[10,17,23] As such, we prepared undoped and doped mesoporous 

tungsten oxide powders as described in the experimental section. Dissolution of WCl6 in the 

cooled alcohol mixture provided an initially yellow solution, which turned dark blue and 

viscous after 10 minutes of stirring. After aging the precursor solutions in an autoclave at 100 

°C, we obtained dark blue monolithic xerogels which formed tiny crystallites upon drying. We 

also prepared bulk tungstite by aqueous precipitation of WCl6 to be used as a reference material. 

Portions of all prepared oxides were calcined at 300 °C and 600 °C. The obtained materials 

differed strikingly in color. Bulk-WO3-uc was vividly yellow and remained so after calcination 

at 300 °C and 600 °C. All mesoporous materials, i.e. meso-WO3-uc, meso-NbW5-uc, meso-

TiW5-uc, meso-VW5-uc and meso-ZrW5-uc, however, were deep-blue in color and only 

turned yellow after calcination at 600 °C. The deep blue color arises from sub-stoichiometric 

tungsten oxides and hydrogen tungsten bronzes in which the oxidation state of tungsten is less 

than +6.[24,25] In our case, partial reduction of tungsten results from oxidation of the alcohols 

present in the reaction mixture.[21] All doped materials contain the desired amount of dopant as 

confirmed by ICP (Table 3.1).  

Physico-chemical properties of the prepared materials were probed through N2 

physisorption, XRD, TEM, XPS and DRUV-Vis. Sorption data of the oxides are presented in 

Table 3.1. Isotherms are shown in Figure A1. Immediately noticeable is the substantially higher 

surface area of meso-WO3-uc (135 m² g-1) compared to bulk-WO3-uc (17 m² g-1). Mesoporosity 

is indicated by the type IV isotherm between p/p0 = 0.4-0.8, with the H2 shape of the hysteresis 

loop pointing to the presence of ink-bottle pores. The corresponding BJH pore size distribution, 

calculated from the adsorption branch (Figure A2), shows a rather broad pore size distribution 

centered around 4.3 nm, although the shape suggests that a portion of the pore volume is located 

in pores smaller than 2 nm. The surface area of meso-WO3-300 is slightly smaller than that of 

meso-WO3-uc, and the pores are slightly larger. In contrast, the surface area of meso-WO3-600 

is severely diminished, suggesting sintering of the material. The pore size distribution is 

broadened and the average pore size is shifted to 28 nm. On the other hand, bulk-WO3-uc has 

a very low porosity and this does not change much after calcination at 300 °C and 600 °C.  
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Table 3.1. Physico-chemical properties of bulk and meso-WO3-T. 

Catalyst SBET Vpore W/D[a] NLAS
[b] NBAS

[c] RLAS/BAS 

m2 g-1 cm3 g-1 - mmol g-1 μmol m-2 mmol g-1 μmol m-2 - 

Bulk-WO3-uc 17 - - 0.058 3.4 0.029 1.7 2.0 

Bulk-WO3-300 14 - - 0.043 3.1 0.023 1.6 1.9 

Bulk-WO3-600 5.0 - - 0.026 6 0.006 1.2 5.0 

Meso-WO3-uc 135 0.071 - 0.46 3.3 0.29 2.6 1.3 

Meso-WO3-300 112 0.079 - 0.37 3.4 0.23 1.7 2.0 

Meso-WO3-600 19 0.069 - 0.11 5.8 0.038 1.6 3.6 

Meso-NbW5-uc 148 0.090 4.9 0.12 0.78 0.098 0.66 1.2 

Meso-NbW5-300 109 0.11 - 0.25 2.3 0.24 2.2 1.0 

Meso-NbW5-600 49 0.10 - 0.14 2.9 0.1 2.1 1.4 

Meso-TiW5-uc 195 0.33 5.6 0.14 0.76 0.17 0.86 0.9 

Meso-TiW5-300 134 0.35 - 0.32 2.4 0.19 1.4 1.7 

Meso-TiW5-600 19 0.031 - 0.058 2.9 0.022 1.1 2.6 

Meso-VW5-uc 193 0.31 5.7 0.068 0.35 0.02 0.11 3.2 

Meso-VW5-300 115 0.30 - 0.17 1.5 0.21 1.8 0.8 

Meso-VW5-600 2 0.002 - 0.009 4.9 0.003 1.9 2.6 

Meso-ZrW5-uc 233 0.30 4.7 0.26 1.1 0.33 1.4 0.8 

Meso-ZrW5-300 140 0.26 - 0.26 1.9 0.24 1.7 1.1 

Meso-ZrW5-600 38 0.10 - 0.079 2.1 0.035 0.93 2.3 

[a] W/dopant atomic ratio as determined by ICP 
[b] Lewis acid site density 
[c] Brønsted acid site density. 

 

The dopants all have a positive effect on the surface area of their respective oxides. Niobium 

moderately increases the surface area to 148 m² g-1, inclusion of zirconium pushes the surface 

area to 233 m² g-1. Additionally, the dopants all affect the pore size distribution differently. 

While meso-NbW5-uc has a PSD fairly similar to meso-WO3-uc, meso-ZrW5-uc has a bimodal 

distribution of mesopores and macropores. Meso-TiW5-uc and meso-VW5-uc have quite 

similar PSDs, both centered at 10 nm. Upon moderate calcination (300 °C) we see invariably 

that the PSDs shift to slightly higher pore widths but pore volumes stay the same. Calcination 
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at 600 °C introduces notable changes between the materials. Meso-NbW5-600 behaves similarly 

as meso-WO3-600, keeping a reasonable pore volume and its PSD shifted to yet larger pore 

widths. However, we found that the porous system of meso-TiW5-600 and meso-VW5-600 was 

completely collapsed. Meso-ZrW5-600 kept an appreciable pore volume but from the PSD we 

can assume that a major part of this volume is present as macropores. 

 

 
Figure 3.1. TEM images of bulk and mesoporous undoped tungsten oxides. 

 

TEM images of the bulk materials are shown in Figure 3.1. Bulk-WO3-uc consists of a 

layered phase with clearly defined plane edges. Images of bulk-WO3-300 and bulk-WO3-600 

show that the layered structure is preserved, and that these materials contain a different crystal 

phase than bulk-WO3-uc. The crystal phases were analyzed with XRD (Figure 3.2), showing 

that bulk-WO3-uc is primarily composed of a tungstite phase, while bulk-WO3-300 and bulk-

WO3-600 both contain monoclinic WO3 as major crystal phase. 
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Figure 3.2. Diffractograms of bulk and mesoporous oxides. Monoclinic WO3 is abbreviated to m-WO3 

(* refers to tungstite diffraction lines). 

 

TEM micrographs of meso-WO3-uc (Figure 3.1) show an aggregation of irregularly shaped 

nanoparticles ranging in size between 5 to 10 nm, very different from the stacked sheets of bulk-

WO3-uc, which have diameters larger than 100 nm. The pores observed in the sorption 

measurements are a likely result of interstitial spaces between the crystallites. These pores have 

random sizes and shapes as no template was involved in the synthesis. The nanoparticulate 

morphology is maintained in meso-WO3-300 and transforms to large, rounded particles with 

diameters between 50 and 100 nm when calcined at 600 °C (meso-WO3-600), indicative of 

sintering. Here we can conclude that the initially large surface area of the meso-WO3-T series 

is due to the presence of small nanoparticles. Calcination at higher temperatures results in 

sintering into larger particles, explaining the lower surface area. TEM images of the doped 

materials (Figure A3) present a morphology similar to that of meso-WO3-uc, consisting 

primarily of tiny randomly-ordered agglomerations of crystallites. meso-TiW5-uc and meso-

VW5-uc contain a ribbon-like secondary phase in addition to the small crystallites. Calcination 
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of these materials at 600 °C yields oxides with significantly different morphologies. Meso-

NbW5-600 shows larger crystallites compared to meso-NbW5-uc and meso-ZrW5-600 

comprises large, shapeless particles. Both observations account for the drop to still appreciable 

surface areas for these two materials. Meso-TiW5-600 appears as a very dense material, while 

meso-VW5-600 consists of large, spherical particles, easily reaching 100 nm in diameter, 

explaining the more severe drops in surface area for these two oxides.  

XRD measurements of meso-WO3-uc and meso-WO3-300 (Figure 3.2) present broad peaks, 

which can be tentatively assigned to a number of reduced tungsten oxide phases in addition to 

monoclinic WO3. Furthermore, meso-WO3-uc contains a tungstite phase, which disappears 

when calcined (meso-WO3-300). Meso-WO3-600 shows a fully monoclinic WO3 phase. 

Typically, monoclinic WO3 has a distinct 3-pronged diffraction pattern between 20° and 25° 

2Θ. This fingerprint was absent in meso-WO3-uc, which, we reasoned, could be caused by the 

tiny crystallite morphology of this material, leading to peak broadening and overlap of the 3-

pronged fingerprint. In contrast, meso-WO3-600 does exhibit this fingerprint as the material 

sintered to much larger particles. Elucidation of the crystal phase of meso-WO3-uc (reduced 

phase or monoclinic WO3) was therefore performed using variable-temperature XRD in a range 

of 45-655 °C under inert conditions (Figure 3.3). Our reasoning was that, if meso-WO3-uc 

comprised a monoclinic WO3 phase, the material would again sinter to larger particles when 

heat treated, and the 3-pronged fingerprint would emerge. If the material consisted of a reduced 

phase, however, the material would require oxygen in order to transform to monoclinic WO3. 

As no evidence of emerging monoclinic WO3 was encountered anywhere during the heat 

treatment and instead, the already existing diffraction peaks only became slightly narrower, we 

can safely conclude that meso-WO3-uc mainly comprises a reduced tungsten oxide phase. 

XRD diffractograms of the different doped materials (Figure 3.2) are remarkably similar to 

that of the undoped meso-WO3-uc; generally differing only in sharpness of the various 

diffraction peaks. The materials all seem to contain some amount of tungstite, most prevalently 

present in meso-TiW5 and VW5-uc, which invariably disappears after calcination at 300 °C. 

The intensity of the tungstite peak seems to coincide with the abundance of the ribbon-like 
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material observed on the TEM images. Calcination at 600 °C yields monoclinic WO3 in varying 

degrees of crystallinity, though there seems to be a relation between the sharpness of the 

diffraction peaks and the crystal domain size observed on TEM.  

 

 
Figure 3.3. Temperature-programmed in situ XRD of meso-WO3-uc under inert conditions. 

Monoclinic WO3 is abbreviated to m-WO3 (the numbers at the right-hand axis indicate the 
temperatures in °C at which the pattern was recorded). 

 

Vegard’s law dictates that dopant inclusion should influence position of the diffraction peaks 

based on the difference in ionic radii, affecting the lattice parameters. The ionic radii of W5+ and 

W6+ (76 pm and 74 pm respectively) and the dopants (78 pm for Nb5+, 74.5 pm for Ti4+, 68 pm 

for V5+ and 86 pm for Zr4+) are relatively close to each other. The effect of such a small difference 

in ionic radii would be invisible for the diffraction patterns belonging to the doped uncalcined 

oxides and those calcined at 300 °C. This is different for the materials calcined at 600 °C, which 

express sharp peaks, among others, belonging to the 002, 020 and 200 crystal planes. We indeed 

observe minor shifts in diffraction peak position for the extreme cases: a small shift to higher 

degrees 2Θ for meso-VW5-600 and to lower degrees 2Θ for meso-ZrW5-600.  

Finally, XRD measurements showed no additional diffraction features other than those 

assignable to various tungsten oxide phases, indicating that the dopants were fully incorporated 
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into the WO3 framework. DR-UVVis spectrometry was used as a verification method. Here, 

commercial Nb2O5, TiO2, V2O5 and ZrO2 were mixed with monoclinic WO3 in atomic ratios of 

W/dopant = 5 to mimic the doped materials calcined at 600 °C. If separate oxidic phases were 

present, we would expect these to emerge during the sintering process at 600 °C. Resulting 

spectra are presented in Figure 3.4. The physical mixtures all show a significant transition when 

passing from the absorption edge of monoclinic WO3 to the one belonging to the dopant oxide. 

Contrarily, this transition is absent in all meso-MW5-600 materials, instead showing a gradual 

decline in reflectivity. This not only indicates that the dopants are fully incorporated into the 

framework, they are also very well dispersed. 

 

 
Figure 3.4. DRUV-Vis spectra of the doped materials calcined at 600 °C and reference oxides and oxide 

mixtures. 

 

Presence of a substoiciometric β-W10O29 phase, which has a stoichiometry of WO2.9, would 

increase the W5+/W6+ ratio compared to tungstite. Measurement of this ratio was carried out by 

XPS for all materials by analyzing the W 4f region, which could be fitted with two separate 

W4f7/2-W4f5/2 doublets (Figure A4) in all cases. The major doublet (W 4f7/2 = 35.9 eV) 

corresponds to W6+, the minor doublet (W 4f5/2 = 34.8 eV) was assigned to the W5+ oxidation 

state.[26] Deconvoluting the Nb 3d, Ti 2p, V 2p and Zr 3d regions for the respective doped oxides 

yielded singular doublets in all cases (Figure A5). We measured binding energy values of 207.5 
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eV (Nb 3d5/2), 459.2 eV (Ti 2p3/2), 516.8 eV (V 2p3/2) and 183.0 eV (Zr 3d5/2), all corresponding 

to the maximum oxidation state of the respective dopants.[26]  

 

 
Figure 3.5. Atomic surface concentrations of W5+ and dopants as determined by XPS. 

 

For bulk-WO3-T, the W5+ abundance is around 5.5%, regardless of calcination temperature 

(Figure 3.5). The W5+ surface contribution in meso-WO3-uc and -300 is 10.5% and 10.1% 

respectively, nearly double that of any of the bulk materials. The presence of W6+ increases after 

calcination at 600 °C (meso-WO3-600) as a result of the flowing artificial air (He:O2 4:1) 

supplied to the oven, oxidizing the W5+ species. Regarding the doped materials, analysis of the 

W5+/W6+ and W/dopant surface ratios suggest a dependence between these ratios (Figure 3.5). 

Meso-ZrW5-uc has the highest W5+ surface and dopant concentrations of respectively 21.48 % 

and 20.21%. In contrast, the surface abundances of W5+ and V of meso-VW5-uc are only 8.44% 

and 7.83% respectively. Meso-NbW5-uc and meso-TiW5-uc show W5+ and dopant 

concentrations of 16.57% and 18.27%, and 12.74% and 12.14% respectively. This correlation 

leads to the conclusion that the initial amount of W6+ reduced to W5+ is influenced by the 

amount of dopant on the surface. Calcination invariably diminishes the W5+/W6+ ratio while 

increasing surface dopant concentration, likely as a result of the phase transition from sub-

stoichiometric tungsten oxide into monoclinic WO3. From these results, we can surmise that all 

dopants have a preference to reside on the surface of the oxides. This tendency, however, is not 
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strong enough to cause segregation into separate tungsten and dopant oxidic phases, as was 

already confirmed by XRD and DRUV-Vis measurements.  

Expecting strong variations induced by different W5+/W6+ ratios and presence of dopants, 

we measured LAS and BAS density using pyridine as a probe molecule. We used the integrated 

molecular absorption coefficients as established by Datka et al.[22] LAS and BAS concentrations 

are presented in Table 3.1. Difference spectra of each dehydrated oxide after pyridine 

adsorption and removal of physisorbed pyridine were normalized by wafer mass and are 

displayed in Figure A6. Generally, we observed that acid densities of the bulk and mesoporous 

undoped tungsten oxides are fairly similar when expressed per unit of m2. LAS densities of 

samples calcined at 300 °C were comparable to the level of uncalcined materials and BAS 

density of bulk-WO3-300 remains unaffected compared to bulk-WO3-uc. However, the BAS 

density of meso-WO3-300 decreased from 2.6 to 1.7 μmol m-2. Calcination at higher 

temperatures (bulk and meso-WO3-600) nearly doubles the amount of LAS at a small expense 

of BAS. Clearly, the LAS density is severely affected by the transformation to monoclinic WO3 

and the reduction in surface area. A plausible mechanism might be the condensation of W-OH 

groups present on the surface to W-O-W bridges, thus increasing the availability of W6+ Lewis 

acid centers. Research performed by the group of Wachs established a relation between the band 

gap energy and the number of next-nearest W neighbors for a range of tungsten oxide 

compounds and they found that the bandgap width declined as the material approached an 

infinite WO3 structure.[27] The bandgap can be determined from linear extrapolation to zero in 

Tauc plots in which [αhν]2 is plotted vs. the photon energy in eV, where α is the reflectance 

expressed as the Kubelka-Munk function, h the Planck energy and ν the wavelength.[28] 
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Table 3.2. Bandgap energy of bulk and meso-WO3-T. 

Catalyst Eg
[a] N(W-O-W)

[b] 

 eV - 

Bulk-WO3-uc 3.33  4.45 

Bulk-WO3-300 3.19  4.88 

Bulk-WO3-600 2.93  5.67 

Meso-WO3-uc 3.21  4.82 

Meso-WO3-300 3.22  4.79 

Meso-WO3-600 2.92  5.70 

[a] Bandgap energy 
[b] Tungsten next-nearest neighbors 

 

We measured the band gaps of commercial ammonium metatungstate (AMT) (4 bridges) 

and monoclinic tungsten oxide (6 bridges) and found band gaps of 3.48 eV and 2.82 eV 

respectively, matching literature values.[27] Band gaps and calculated tungsten next-nearest 

neighbors for the bulk and undoped mesoporous materials are presented in Table 3.2 and 

corresponding plots in Figure 3.6. We find an average of 5 W-O-W bridges per W cation for 

our tungstite and reduced WO<3 phases (bulk-WO3-uc, and meso-WO3-uc and -300) which 

increases to nearly 6 after high-temperature calcination, suggesting formation of an infinite 

network of WO6 octahedra, which would confirm our hypothesis regarding condensation of 

W-OH groups to W-O-W. Bulk-WO3-300 is an exception here, although we reckon that the 

phase transformation to monoclinic WO3 is incomplete. This is indicated by the XRD 

measurements which shows more intense and sharp diffraction peaks for bulk-WO3-600 

compared to bulk-WO3-300. 

Concerning the catalytic cycle, we mentioned the requirement of both LAS and BAS to 

facilitate isomerization and dehydration respectively in the introduction. Specific to the 

explored tungsten-based solid acids, LAS of tungstite relate to W6+ cations, which are available 

through ligand exchange of coordinated water molecules. Meso-WO3-uc, as a reduced WOx 

with x between 2.9 and 3, primarily comprises WO6 octahedra. However, it is reasonable to 

assume that Lewis acidic surface W6+ cations are undercoordinated and similar ligand exchange 
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processes will occur there. BAS on both these materials likely result from the presence of W5+ 

cations. These induce charge defects, which are compensated by acidic protons. Indeed, the 

results show a relation between the BAS density per surface area and the surface W5+ 

concentration as determined by XPS as the W5+ abundance of meso-WO3-uc is significantly 

higher than that of bulk-WO3-uc and so is its BAS density. Finally, from XPS performed on 

spent samples of bulk-WO3-uc and meso-WO3-uc, these W5+ sites are stable during reaction 

(Table A1). 

 

 
Figure 3.6. Tauc plots of bulk and meso-WO3-T. 

 
Concerning the LAS and BAS concentrations of the doped materials, we detected no real 

trends when we compared their acid densities to the undoped mesoporous oxide when 

normalized per gram of material (Table A1). When expressed per m2 of material, however, the 

trends become more obvious and falls in line with the observations made for bulk and meso-

WO3-T. In all cases, the amount of LAS tends to increase when calcined at increasing 

temperatures. The BAS density increases the most after calcination at 300 °C. Calcining at 600 

°C also increases the BAS density somewhat, except for meso-ZrW5-600. Additionally, the BAS 

density of any doped material never exceeds that of the undoped oxide. This is interesting 

because we actually expected the BAS density to increase from inclusion of charge defect 

inducing dopants. The results obtained by XPS measurements, however, suggest that the 

surface charge compensation might not only be provided by Brønsted acidic protons, but also 

by varying amounts of dopants on the surface. Since our initial assumptions were based on 

earlier work discussing tungstite, additional charge compensation effects may very well take 
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place in the reduced tungsten oxide phases comprising the mesoporous materials, lowering the 

number of potential BAS. 

 

 
Figure 3.7. Glucose dehydration for bulk and mesoporous catalysts. (1 wt% glucose in 1/9 H2O/THF 

(v/v), glucose:catalyst ratio 1:1, 120 °C). Solid lines represent glucose conversion, dashed lines show 
5-HMF yield. Numbers denote stages of calcination. Solid square (bulk-WO3) shows 5-HMF yield 
without addition of HCl after 3 hours of reaction time. 

 
We then evaluated the catalytic performance of these materials for the conversion of glucose 

to 5-HMF. Time course plots of these reactions are presented in Figure 3.7, mass balances are 

summarized in Table A2. Although bulk-WO3-uc reaches near-full conversion after 4 hours, it 

is only poorly selective towards 5-HMF, reaching a yield of 15% (Figure 3.7, closed square). 

Earlier work concluded that the undoped tungstite used in this comparative study lacks the 

necessary BAS strength to complete dehydration of the final intermediate to 5-HMF.[17,23] The 

BAS strength of the system could be enhanced by doping the catalyst with early transition 

metals or by addition of an external BAS source such as HCl. As such, addition of HCl after 3 

hours increased the 5-HMF yield to 56% at a glucose conversion of 95.1%. The remaining 39% 

comprises soluble humins and other undesired condensates. Their formation cannot be 

prevented as the precursors of these condensates are primarily water soluble. Additionally, these 
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condensation reactions are acid catalyzed, which further complicates suppressing such 

reactions.[29,30] While quantification of such condensates is very challenging, a study was 

performed to identify the nature of the side-products. An LC-MS analysis is shown in Figure 

A7 and include oligomers of hexoses and hexoses and intermediates in the conversion to 5-

HMF. 

Calcination of this material negatively affects activity. Neither bulk-WO3-300 nor -600 are 

able to reach full conversion and even with addition of HCl after 3 hours, yields of only 40% 

and 30% are achieved. Meso-WO3-uc remarkably outperforms all of the bulk materials, 

reaching full conversion and a yield of 57% within only 2 hours and 43% yield of unknowns. 

The activity of meso-WO3-300 is slightly lower and reaches a 5-HMF yield of 56.2% after 3 

hours. Apparently, moderate calcination already affects the performance, even though the 

crystal phase, the W5+/W6+ ratio and the surface area were preserved. Calcination at 600 °C 

(meso-WO3-600) results in the worst performance among the mesoporous materials. After 

high-temperature calcination, the catalytic activity is close to that of bulk-WO3-uc, even 

requiring aid of HCl after 3 hours to obtain a reasonable 5-HMF yield of 40.8%. As meso-WO3-

600, and bulk-WO3-300 and -600 comprise mainly monoclinic WO3, it is reasonable to 

conclude that monoclinic WO3 is a less active catalyst for glucose conversion to 5-HMF than 

tungstite and the reduced phases that are the respectively dominant phases in bulk-WO3-uc and 

meso-WO3-uc and meso-WO3-300. 

Here we find that meso-WO3-uc is a superior catalyst with regards to bulk-WO3-uc. 

Compared to the tungstite reference (bulk-WO3-uc), meso-WO3-uc possesses considerable 

advantages. Its increased surface area enables easier access to active sites for glucose and related 

intermediates as observed from faster conversion rates. Additional benefits are found in a more 

favorable LAS/BAS ratio. Although LAS density per surface area of both bulk-WO3-uc and 

meso-WO3-uc are similar, the additional BAS generated by increased levels of W5+, which 

require charge compensation in the form of Brønsted acidic protons, enable faster dehydration 

of fructose to 5-HMF. Arguably, the catalyst to glucose ratio can be considered unfavorable, but 

one has to keep in mind that tungsten is a heavy atom (183.84 g/mol). 5-HMF selectivity of 
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comparable catalytic systems, summarized in Table A3, vary significantly. For example, 

mesoporous tantalum oxide, is not very selective.[31] Under the most optimal conditions (90 

minutes at 175°C using a 3% glucose solution in a ~2:1 MIBK:water mixture), the authors 

obtained a maximum 5-HMF selectivity of only 33%. Conversion of glucose using phosphatized 

titania (5% glucose in 3:1 sec-2-butylphenol:water, 2 hours at 120 °C) on the other hand yields 

34% 5-HMF at 49% glucose conversion, thus reaching a selectivity of 69%.[15]. Sec-2-butylphenol 

has proven an excellent extracting solvent for the conversion of glucose to 5-HMF due to its 

high partition coefficient for 5-HMF.[15,32] This, however, makes isolation of 5-HMF far from 

trivial as extraction with water is nigh-impossible. An alternative would be to evaporate sec-2-

butylphenol, but this is very energy-intensive due to its boiling point of 227 °C, which is a 

temperature at which 5-HMF is very likely to decompose. This led us to use THF as organic 

solvent as it is possible to isolate 5-HMF with far less effort, considering its low boiling point of 

only 66 °C. Ionic liquids are equally unattractive as both 5-HMF isolation and recyclability are 

not trivial.[33,34] Another benefit of THF is that it can be obtained from renewable sources.[35] 

Furthermore, we established that our material can be recycled at least four times without loss 

of activity (Figure A8). While we do see a drop in conversion in the first 2 recycles to 90%, this 

seems to level out for the next two recycle experiments. HMF yield remains stable at about 55%. 

These findings substantially lower the drawback of an unfavorable catalyst to glucose ratio. 

Additionally, we found that the W5+ sites are stable, even after 4 sequential reactions and facile 

recovery and washing steps (Table A1). 

Catalytic performance of the doped mesoporous materials was compared to the results 

obtained from meso-WO3-T. Unexpectedly, we found that inclusion of dopants reduces the 

activity of the materials, although meso-NbW5, meso-TiW5 and meso-ZrW5-uc are still able 

to reach >85% glucose conversion within 2 hours and >95% conversion within 4 hours. 

Selectivity towards 5-HMF naturally differs from dopant to dopant. We found, however, that 

the doped materials do not outperform undoped meso-WO3-uc. Meso-NbW5-uc performs 

nearly equal, reaching a final 5-HMF yield of 55%. Meso-TiW5 and meso-ZrW5-uc both reach 

final yields of 50%, while meso-VW5-uc settles at 23% 5-HMF yield after 2 hours. Fructose was 
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never present in detectable levels which means that any fructose formed by isomerization is 

immediately dehydrated. Levulinic acid, usually found as a by-product in acidic hexose 

dehydrations and formed by rehydration of 5-HMF, was also not detected. Therefore, the 

undesired side product formed during this reaction are soluble humins, which was also 

suggested by the typical brown coloration of the reaction liquors. 

As expected, activity and 5-HMF yields decrease when the doped materials are calcined. We 

found that the niobium doped materials are the least affected by calcination, followed by the 

zirconium, titanium and vanadium doped oxides. We can generally conclude that the lower 

activity of the doped materials results from lower amounts of acid sites, although the strength 

of the sites is still more than sufficient to fully dehydrate fructose to 5-HMF. The impact of low 

LAS/BAS ratios is therefore evident. While any available fructose is immediately converted to 

5-HMF, this rate is limited by the availability of fructose. This, in turn, is caused by the low 

amounts of LAS, slowing down glucose to fructose isomerization. The reverse, i.e. high LAS to 

BAS ratio, inhibits facile fructose dehydration.  

 

 
Figure 3.8. Glucose dehydration as a function of temperature for bulk and mesoporous catalysts. (1 wt% 

glucose in 1/9 H2O/THF (v/v), glucose:catalyst ratio 1:1). Solid lines represent glucose conversion, 
dashed lines show 5-HMF yield. Numbers represent the temperature at which the reaction was 
performed. 

 
As such, we wondered how the reaction temperature would influence the activity (Figure 

3.8). For this, we ran similar sets of reactions at 105 °C and 135 °C using the doped, uncalcined 

materials. It was not surprising to see that the activity dropped significantly when the reactions 

were performed at lower temperatures. At higher temperatures, excluding meso-VW5-uc, the 
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activity of the doped materials reached the activity of the undoped material. Selectivity was 

unaffected at this higher temperature and final yields were reached within two hours of reaction 

time. An additional benefit here is that 5-HMF can be produced at temperatures as low as 105 

°C using our branch of catalysts, although needing longer reaction times. This in contrast to 

some of the work referred in Table A3 requiring temperatures as high as 175 °C to obtain proper 

conversion. 

 

Table 3.3. Apparent activation energies and prefactors obtained from Arrhenius plots. 

Catalyst Prefactor Eact,app 

106 s-1 kJ mol-1 

Meso-NbW5-uc 1.2 72 

Meso-TiW5-uc 6.7 77 

Meso-VW5-uc 0.01 58 

Meso-ZrW5-uc 6.6 77 

 

Noting the difference in effect of temperature on the catalytic performance, we attempted to 

probe the apparent activation energy of the doped uncalcined oxides. For this, we ran additional 

reactions at 110 °C, 115 °C, 125 °C and 130 °C, and quenched the reactions after 1 hour of 

reaction time. Activation energies were then determined from Arrhenius plots, assuming first-

order kinetics. The results are presented in Table 3.3. We found that the activation energies did 

not significantly differ from each other. Peculiar here is that the apparent activation energy of 

meso-VW5-uc is lower than those of the other doped oxides, but this material is also the least 

active of the doped materials. This indicates that the number of active sites in this meso-VW5-

uc might be low, which correlates with its very low LAS density compared to the other materials 

(Table 3.1). This hampers the initial glucose to fructose isomerization severely, and in that way 

limits overall activity. However, the Brønsted acid strength of this and other mesoporous 

uncalcined materials is sufficiently high to dehydrate any produced fructose directly to 5-HMF. 
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3.4 Conclusion 

We successfully produced mesoporous sub-stoichiometric tungsten oxides with high surface 

areas. Doping of this material proved facile, which enables tuning of these materials for a range 

of applications. We saw that the dopants have a preference to reside on the surface, but do not 

have a tendency to segregate into separate phases at the concentrations we prepared. 

Comparing the activity of our undoped mesoporous oxide (meso-WO3-uc) to tungstite, we saw 

that meso-WO3-uc outperforms tungstite due to its enhanced surface area and more favorable 

LAS/BAS ratio, using benign reaction temperatures, potentially as low as 105 °C and renewable 

solvents. Doping of this material significantly lowered LAS and BAS densities which impacted 

its activity. However, this enabled us to discover valuable insights in the interplay of both the 

number of available LAS and BAS and the ratio of these active sites.  
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Chapter 4 
Cellulose conversion to ethylene glycol by tungsten oxide-based catalysts 

 

Abstract 

The conversion of cellulose into ethylene glycol remains a significant challenge in the biobased 
domain. Here we explored the activity of various bulk and mesoporous (doped) tungsten oxides 
in combination with carbon-supported ruthenium for obtaining ethylene glycol from cellulose. 
Tungstite and sub-stoichiometric tungsten oxides are more active and selective than monoclinic 
WO3. Doping tungstite with early transition metals enhanced the rate of cellulose 
depolymerization to glucose through a higher Brønsted acidity, although this did not improve 
the overall performance as the higher acidity resulted in a higher rate of humin formation. The 
increased acidity of mesoporous sub-stoichiometric tungsten oxide compared to tungstite had 
a similar adverse effect. Doping this material with niobium improved ethylene glycol selectivity 
at similar conversion. Kinetic studies showed that the majority of ethylene glycol is produced 
in the first hour for three optimized catalysts, with undoped bulk tungstite being the most 
efficient catalytic material. Impregnation of these materials with ruthenium instead of using 
carbon-supported ruthenium as a co-catalyst was most beneficial for tungstite, as it showed 
improved ethylene glycol selectivity and lower polyol yields after 1 hour of reaction time. 
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4.1 Introduction 

Ethylene glycol (EG) is an important chemical, which is mainly used for anti-freeze purposes 

and as a raw material for the production of polyester fibers.[1] The annual global production was 

estimated at 26.9 million tonnes in 2016, which is primarily obtained by hydrolysis of ethylene 

oxide.[2] Ethylene oxide is exclusively obtained by selective oxidation of fossil-based ethylene. 

In recent years, production of fuels and chemicals from renewable sources has become a target 

in order to supplement or replace fossil feedstock on which society currently relies. Cellulose is 

the most abundant renewable source of biomass and processing it into valuable commodities 

has attracted much interest from both academia and industry.[3–5] Unlike starch, cellulose is 

inedible, which makes it a good feedstock for industrial utilization without endangering food 

supplies.  

Cellulose is a linear polymer of repeating glucose units, which contains many hydroxyl 

groups rendering it a potent feedstock for the industrial production of EG, sorbitol and other 

polyols. The large number of intra- and interchain hydrogen bonds make cellulose recalcitrant 

to depolymerization to glucose, which is considered the first step towards valorization of 

cellulose.[6–8] Its depolymerization usually involves harsh conditions (high temperature) and 

reagents such as strong Brønsted acids are employed.[8,9] The release of glucose under these 

conditions results in rapid further conversion into humins.[10,11] One approach to cope with this 

is to rapidly further convert the glucose intermediate. Upgrading glucose to EG involves two 

basic reaction steps, namely step-wise retro-aldolization of glucose to glycol aldehyde followed 

by its hydrogenation to EG. The obtained product distribution is governed by the chosen 

reaction conditions and type of catalyst used.[10–14] The predominant reactions to produce EG 

and related side-products are laid out in Scheme 4.1.  
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Scheme 4.1. Simplified reaction scheme of cellulose hydrolysis and further reaction steps. Main 

reactions include formation of glucose (1), erythrose (2), glycol aldehyde (3) and EG (4), and routes 
to side-products such as fructose (5), erytritol, (6), sorbitol/mannitol (7), 1,2-butanediol (8), 1,2-
hexanediol (9), 1,2-propanediol (10), and glycerol (11). 

 

The occurring reactions can be classified into cellulose hydrolysis, retro-aldolization of 

glucose and other saccharides, hydrogenation of aldehydes and ketones, and dehydration of 

polyols and hydrogenation of the resulting C=C bonds. Cellulose hydrolysis is preferably 

promoted by Brønsted acids, either generated in situ through increased autoprotolysis of hot 

water or from an external source. Lewis acidic species are responsible for retro-aldol reactions 

to form shorter aldehydes and can also catalyze isomerization reactions. Hydrogenation of C=O 

and C=C species is performed by a metal function using gaseous hydrogen. The metal function 

can either be present as a separately supported catalyst[10,13], or alternatively is deposited on the 

retro-aldol catalyst.[11,14,15] Our recent work regarding bulk and mesoporous doped tungsten 
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oxides has shown that these materials possess strong Lewis and Brønsted acid sites.[16–18] This, 

in theory, makes them potentially suitable to carry out retro-aldolization and to aid in cellulose 

hydrolysis. These reactions have been evaluated already for supported and unsupported 

monoclinic WO3.[11,13–15,19] Our earlier investigation on glucose valorization to 5-

hydroxymethylfurfural demonstrated that (doped) tungstite (WO3.H2O) and sub-

stoichiometric tungsten oxides are significantly more active compared to monoclinic WO3.[18] 

We tested these materials using ruthenium as a hydrogenation co-catalyst, both supported on 

carbon and directly impregnated on our catalysts. While impregnation of monoclinic WO3 with 

different metals has already been explored, this has not been studied using tungstite as a support 

to the best of our knowledge.[14,20] 

In this work, we explored the activity of various bulk and mesoporous (doped) tungsten 

oxides in tandem with carbon-supported ruthenium for cellulose conversion into EG. We 

investigated the influence of temperature and reaction time on the cellulose conversion and the 

product distribution. We also optimized the ruthenium loading towards optimum EG yield. 

4.2 Experimental methods 

4.2.1  Chemicals 

Tungsten hexachloride (WCl6, 99%), niobium pentachloride (NbCl5, 99.9%), titanium 

tetrachloride (TiCl4, 99%), titanium tetrabutoxide (Ti(OBu)4, 99%), zirconium tetrabutoxide 

(Zr(OBu)4, 80 wt% in 1-butanol), vanadium triisopropoxide oxide (VO(OiPr)3, 96%), 

ruthenium (III) nitrosyl nitrate (Ru(NO)(NO3)3, 31.3 wt% Ru) and ruthenium (III) chloride 

hydrate (RuCl3, 99.9%) were obtained from Alfa Aesar and kept in an MBraun glovebox under 

an inert argon atmosphere. n-butanol (n-BuOH, 99.8%,) and tert-butanol (t-BuOH, ≥ 99.5%), 

procured from Sigma-Aldrich, were distilled over CaH2 and stored on freshly activated 3Å mol 

sieves (Merck) under inert atmosphere. 

Microcrystalline cellulose powder (cellulose), ruthenium on carbon (Ru/C, 5% wt. loading) 

and tungsten oxide (WO3, 99.9%) were bought from Sigma-Aldrich. Ethane-1,2-diol (ethylene 

glycol, 99%), propane-1,2-diol (propylene glycol, 98+%), propane-1,2,3-triol (glycerol, 99+%), 
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meso-erythritol (erythritol, 99%), D-mannitol (mannitol, 99%), D-sorbitol (sorbitol, 98%), 

butane-1,2-diol (1,2-BD, 98%), hexane-1,2-diol (1,2-HD, 98%) and D-(-)-glucose (glucose, 99) 

were received from Alfa Aesar and used as chromatography standards. Hydrogen (H2, 5.0), 

nitrogen (N2, 5.0), helium (He, 5.0) and carbon monoxide (CO, 4.7) were acquired from Linde 

Gas. 

4.2.2 Catalyst preparation 

Bulk tungsten oxide (b-WO3) was prepared by hydrolysis of WCl6 (3.97 g; 10.0 mmol) in 160 

mL deionized water kept at 50 °C overnight while stirred. The yellow precipitate was collected 

by filtration and washed several times with deionized water until neutral pH of the filtrate was 

reached. The residue was then dried at 60 °C in vacuo overnight. b-NbW5 (W/Nb atomic ratio 

of 5) was prepared in a similar fashion using a physical mixture of appropriate amounts of WCl6 

and NbCl5. b-TiW5 (W/Ti atomic ratio of 5) were prepared by adding an appropriate amount 

of WCl6 to 160 mL water first and injecting the correct amount of TiCl4 within 10 seconds using 

a Finn pipette with the tip submerged in the water. After drying, the materials were used without 

further treatment. 

Mesoporous tungsten oxide (m-WO3) was prepared using a modified literature 

procedure.[21] Under inert conditions, WCl6 (7.20 g, 18.2 mmol) was dispersed into a cooled (0 

°C) mixture of n-BuOH (10.8 mL) and t-BuOH (10.8 mL). The mixture was stirred vigorously 

for 10 minutes until a dark blue solution was obtained, which was then poured into a Teflon-

lined autoclave and aged at 100 °C for 24 hours. Dark blue solids were collected by filtration, 

washed several times with ethanol and dried overnight at 110 °C under vacuum to remove 

residual organics. 

Doped variants of m-WO3 (m-TiW5, m-VW5, m-ZrW5) were prepared by mixing the 

appropriate amount of metal alkoxide into the alcohol mixture prior to adding the WCl6 to 

achieve W/dopant atomic ratios of 5. m-NbW5 was obtained from dispersing a physical mixture 

of NbCl5 and WCl6 into the alcohol mixture. The mixtures acquired after full dissolution of the 

metal precursors were treated similarly as for the preparation of m-WO3. 
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Supported Ru catalysts were prepared by wet impregnation. In a typical procedure, an 

appropriate amount of RuCl3 (for mesoporous oxides) or Ru(NO)(NO3)3 (for bulk oxides) was 

dissolved in 10 mL demineralized water. The required amount of support was added and the 

resulting suspension was homogenized for 3 hours before evaporation to dryness at 85 °C. The 

solids were dried further at 110 °C under vacuum overnight, thoroughly grinded and pressed 

into a sieve fraction (125 μm - 500 μm). The sieve fractions were reduced at 200 °C, ramp 2 

°C/min, under a flow of 10% H2 in He (100 mL/min) for 4 hours, followed by passivation in 1% 

O2/He (100 mL/min) at room temperature for 6 hours. 

4.2.3 Characterization 

Nitrogen sorption data was acquired from a Micromeritics Tristar 3000 in static 

measurement mode at -196 °C. The samples (typically 150 mg) were pretreated at 120 °C under 

a gentle N2 stream overnight prior to the sorption measurements. The Brunauer-Emmett-Teller 

(BET) equation was used to calculate the specific surface area (SBET) from the adsorption data 

(p/p0 = 0.05-0.25). Mesopore volumes (Vmeso), if applicable, were calculated by applying the 

Barrett-Joyner-Halenda (BJH) method on the adsorption branch. 

Powder X-ray diffraction (XRD) patterns were obtained from a Bruker Endeavour D2 

Phaser diffractometer using Cu Kα radiation with a scanning speed of 0.6 ° min-1 in the range 

of 5 ° ≤ 2θ ≤ 60 °. Crystal phases were identified using the DIFFRAC.EVA software package and 

the PDF-2 crystallographic database (version 2008). 

X-ray photoelectron spectroscopy (XPS) was carried out on a Thermo Scientific K-alpha 

equipped with a monochromatic small-spot X-ray source and a 180° double focusing 

hemispherical analyzer with a 128-channel detector. Initial pressure was 8·10-8 mbar or less 

which increased to 2·10-7 mbar due to the active argon charge compensation dual beam source 

during measurement. For a typical sample preparation, fresh catalyst was pressed down on 

carbon tape supported by an aluminium sample plate. Spectra were recorded using an Al Kα X-

ray source (1486.6 eV, 72 W) and a spot size of 400 μm. Survey scans were taken at a constant 

pass energy of 200 eV, 0.5 eV step size, region scans at 50 eV constant pass energy with a step 
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size of 0.1 eV. XP spectra were calibrated to the C-C carbon signal (284.8 eV) obtained from 

adventitious carbon and deconvoluted with CasaXPS. The peak areas thus obtained were used 

to estimate surface chemical composition. 

Infrared (IR) spectroscopy was used to evaluate acidic properties of the materials, using 

pyridine as probe molecule. Spectra were recorded in the range of 4000-1200 cm-1 at a resolution 

of 2 cm-1 on a Bruker Vertex V70v Fourier-Transform infrared spectrometer equipped with a 

DTGS detector and CaF2 windows to separate the environmental cell from the vacuum part. A 

total of 64 scans were averaged for each spectrum. Typically, finely powdered material was 

pressed into self-supporting wafers with density ρ ≃ 25 mg cm-2 using a pressing force of 3,000 

kg and placed inside a variable temperature IR transmission cell coupled to a closed gas 

circulation system. The samples were then outgassed at 70 °C in vacuo until a pressure of 2·10-

6 mbar or lower was reached. Prior to pyridine adsorption, the sample was kept at 70 °C and a 

sample background was recorded. Pyridine was then introduced into the cell until saturation 

was reached, and physisorbed pyridine was removed in vacuo for 1 hour. A second spectrum 

was recorded at this point. Difference spectra were obtained by subtraction of the sample 

background from the recorded spectra. Processing and deconvolution of the signals in the 1600-

1400 cm-1 region was performed with Fityk curve fitting program using molar extinction 

coefficients determined by Datka et al. [22] Acid site densities were calculated per Equation 2.1. 

Elemental analysis was performed on a Spectroblue EOP ICP optical emission spectrometer 

with axial plasma viewing, equipped with a free-running 27.12 MHz generator operating at 

1400 W. Prior to the measurement, the samples were digested using a 4 M KOH solution. For 

Ti and Zr containing samples, 8 vol. % HF was added to dissolve the dopant under heating (40 

°C). Samples for ruthenium analysis were prepared by melt fusion of approximately 25 mg of 

freshly ground sample in a mixture of KNO3 (1 g) and KOH (0.3 g). Initial solutions are 

prepared in 2 M KOH and must immediately be diluted further in 0.5 M HCl. Authors advice 

to analyze the samples immediately after preparation as ruthenium tends to form precipitates 

in alkaline solutions, while tungsten oxide precipitates from solutions that are too acidic. 
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Calibration lines were prepared using commercial standards. Care was taken that the 

calibration solutions contained the same concentration of auxiliaries as the analyte solutions. 

Temperature programmed reduction (TPR) plots were recorded on a Micromeritics 

Autochem II 2920. Powdered catalyst (100 mg - 150 mg) was loaded between two quartz wool 

plugs in a quartz glass U-tube. Samples were pretreated in a 10 mL/min He flow at 130 °C for 2 

hours to remove physisorbed water and other adsorbates. TPR was then performed in a 50 

mL/min flow of 1% H2 in N2 in a temperature range of 50 °C to 750 °C, 10 °C/min. 

CO chemisorption data was obtained from a Micromeritics ASAP 2020. Powdered Ru-

impregnated catalyst (100 mg - 150 mg) was loaded between two quartz wool plugs in a quartz 

glass U-tube. Prior to measurement, the samples were reduced in situ at 200 °C for 4 hours, 

ramp rate 2 °C/min in a flow of pure H2. CO chemisorption was then performed at 35 °C. Ru 

dispersion was calculated assuming an adsorption stoichiometry of 1.5 CO per surface 

ruthenium atom. 

Transmission electron microscopy (TEM) images were obtained in bright field mode from 

a FEI Tecnai 20 (type Sphera) operating with a LaB6 filament at 200 kV and a bottom mounted 

1024 x 1024 Gatan msc 794™ CCD camera. Suitable samples were prepared by dropping a 

suspension of finely ground material in analytical grade absolute ethanol onto Quantifoil R 

1.2/1.3 holey carbon films supported on a copper grid. 

4.2.4 Catalytic activity tests 

All reactions were performed in a 100 mL high-pressure batch reactor. For a typical 

experiment, 300 mg of cellulose, an amount of catalyst and 40 mL of water were loaded into the 

reactor. The catalyst portion either consisted of 50 mg tungsten oxide and 10 mg 5 wt% Ru on 

carbon, or 50 mg Ru-impregnated tungsten oxide. After sealing, the reactor was purged several 

times with hydrogen and then pressurized to a final pressure of 45 bar. Stirring was set at 600 

rpm and temperature was maintained at 210 °C, 225 °C or 240 °C for 30 min - 180 min. The 

starting point of the reaction was set to when the reaction temperature was reached. After 

completion, the reactor was cooled to room temperature naturally. Gaseous products were 
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captured in a pre-purged gas cylinder and reactor contents were recovered after addition of n-

BuOH as internal standard, added for GC analysis. Solids were separated from the reaction 

liquor by centrifugation and dried at 110 °C under vacuum overnight. 

4.2.5 Product analysis 

Cellulose conversion was determined by mass difference of cellulose before and after the 

reaction. Volatile reaction products (ethylene glycol, 1,2-propylene glycol and glycerol) were 

analyzed on an Interscience Focus GC-FID over a Stabilwax-DA column (30 m x 0.53 mm I.D., 

df = 1.00 μm) and Shimadzu HPLC equipped with a Rezex-RPM monosaccharide column (300 

x 7.8 mm) and ELSD, and milliQ grade water as mobile phase. Quantification was based on 

mass response factors determined by five-point calibration lines of commercial compounds. 

Volatile products were additionally referenced to n-BuOH as internal standard. Gaseous 

products were quantified on an Interscience Compact GC using a Molsieve 5Å and Porabond 

Q column, each connected to a TCD, and an Al2O3/KCl column linked to an FID. Identification 

and quantification of gaseous products was based on a calibration gas standard containing 

known quantities of a standard gas mixture. Carbon product yields and selectivities, and total 

carbon balances were calculated from Equations 4.1 - 4.3. In these calculations, cellulose is 

regarded as a linear condensation polymer of glucose repeat units having a molar mass of 162 

g/mol each. 

 

𝑌𝑌𝑖𝑖(%) = 100 ∗ �
𝑘𝑘𝑖𝑖 ∗ 𝑛𝑛𝑖𝑖

𝑘𝑘𝐶𝐶6𝐻𝐻10𝑂𝑂5 ∗ 𝑛𝑛𝐶𝐶6𝐻𝐻10𝑂𝑂5,𝑖𝑖
� (4.1) 

𝑆𝑆𝑖𝑖(%) = 100 ∗ �
𝑘𝑘𝑖𝑖 ∗ 𝑛𝑛𝑖𝑖 ∗ 𝑛𝑛𝐶𝐶6𝐻𝐻10𝑂𝑂5,𝑖𝑖

𝑘𝑘𝐶𝐶6𝐻𝐻10𝑂𝑂5 ∗ �𝑛𝑛𝐶𝐶6𝐻𝐻10𝑂𝑂5,𝑓𝑓 − 𝑛𝑛𝐶𝐶6𝐻𝐻10𝑂𝑂5,𝑖𝑖�
� (4.2) 

𝑌𝑌𝐶𝐶% = 100 ∗ �
∑𝑘𝑘𝑖𝑖 ∗ 𝑛𝑛𝑖𝑖 + 𝑘𝑘𝐶𝐶6𝐻𝐻10𝑂𝑂5 ∗ 𝑛𝑛𝐶𝐶6𝐻𝐻10𝑂𝑂5,𝑓𝑓

𝑘𝑘𝐶𝐶6𝐻𝐻10𝑂𝑂5 ∗ 𝑛𝑛𝐶𝐶6𝐻𝐻10𝑂𝑂5,𝑖𝑖
� (4.3) 
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Here, 𝑌𝑌𝑖𝑖, 𝑆𝑆𝑖𝑖, 𝑘𝑘𝑖𝑖  and 𝑛𝑛𝑖𝑖  are the yield, selectivity, carbon number and moles of the respective 

products. 𝑌𝑌𝐶𝐶  represents the carbon balance. 𝑛𝑛𝐶𝐶6𝐻𝐻10𝑂𝑂5,𝑖𝑖 and 𝑛𝑛𝐶𝐶6𝐻𝐻10𝑂𝑂5,𝑓𝑓 are the initial and final 

moles of cellulose, computed as moles of glucose repeat units. 

4.3 Results and discussion 

(Doped) bulk and mesoporous tungsten oxides were synthesized using previously 

established procedures.[16–18,21] These materials have been used to catalyze the upgrading of 

glucose to 5-HMF and in-depth characterization and related discussions can be found in 

Chapters 2 and 3. Main findings relevant to the present study are discussed below. 

 
Table 4.1. Physicochemical constants of bulk and mesoporous catalysts. 

Catalyst SBET Vpore W/dopant[a] NLAS
[b] NBAS

[c] 

m2
 g-1 cm3 g-1 - mmol g-1 μmol m-2 mmol g-1 μmol m-2 

WO3 5.0 - - 0.026 6.0 0.006 1.2 

b-WO3 17 - - 0.058 3.4 0.029 1.7 

b-NbW5 35 - 5.0 0.099 2.8 0.079 2.3 

b-TiW5 3.9 - 4.4 0.005 1.4 0.039 9.9 

m-WO3 135 0.071 - 0.46 3.3 0.29 2.6 

m-NbW5 148 0.090 4.9 0.12 0.78 0.098 0.66 

m-TiW5 195 0.33 5.6 0.14 0.76 0.17 0.86 

m-VW5 193 0.31 5.7 0.068 0.35 0.02 0.11 

m-ZrW5 233 0.30 4.7 0.26 1.1 0.33 1.4 

[a] W/dopant ratio determined by ICP 
[b] Lewis acid site density 
[c] Brønsted acid site density. 

 

Bulk compositions of the doped materials were determined by ICP and the results are given 

in Table 4.1. We find that the measured tungsten/dopant levels are close to the desired ones. 

Sorption measurements (Table 4.1 and Figure 4.1) show the difference in surface area and 

available pore volume between the sets of bulk and mesoporous materials. Lewis and Brønsted 

acid densities were analyzed by IR spectroscopy with pyridine as a probe molecule and 
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molecular absorption coefficients as established by Datka et al.[22] Lewis acid densities of the 

undoped materials (b-WO3 and m-WO3) are similar when normalized by surface area. Upon 

doping, the LAS density drops invariably as a result of replacing Lewis acidic W6+ cations by 

dopant cations. The largest decrease in LAS density was observed for m-VW5. The BAS density 

increases significantly for the doped bulk materials (b-NbW5 and b-TiW5) as a result of 

introducing elements with a lower valance state than W6+. This introduces a charge defect which 

is compensated with an acidic proton. This effect, however, was not observed for the 

mesoporous doped materials and the BAS density instead dropped after doping. We surmise 

that this particular effect is induced by additional charge compensation effects induced by 

varying levels of dopants present on the surface. Note that b-WO3 and m-WO3 themselves 

already possess a substantial number of BAS, resulting from partial reduction of W6+ cations to 

W5+. 

 
Figure 4.1. Top: sorption isotherms of bulk and mesoporous materials. Bottom: Pore size distributions 

of mesoporous materials. 
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TEM micrographs of the bulk and mesoporous oxides are displayed in Figure 4.2 and 

present layered phases for all three bulk materials. The sheets which build up b-WO3 and b-

NbW5 have clearly defined plane edges, while the sheet edges of b-TiW5 are very corrugated. 

XRD analysis (Figure 4.3) of the bulk materials shows that tungstite constitutes b-WO3 as 

crystal phase, while b-NbW5 and b-TiW5 mainly consist of hydrotungstite. 

 
Figure 4.2. Representative images of bulk and mesoporous materials. Bulk materials are contained in 

the dashed outline with their corresponding mesoporous oxide displayed below the image. 

 

In contrast to the sheet-like structure of the bulk materials, all mesoporous oxides consist of 

an aggregation of irregularly shaped nanoparticles, ranging in size between 5 nm to 10 nm. The 

mesoporous materials mainly comprise sub-stoichiometric β-W20O58. This phase comprises a 

significant fraction of W5+, which is formed during the synthesis procedure. In addition, m-

TiW5 and m-VW5 contain a ribbon-like phase. We suspect this might be tungstite, which can 

also be observed in XRD measurements. 
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Figure 4.3. XRD measurements of bulk and mesoporous materials. Hydrotungstite is abbreviated to H-

tungstite. 

 

Direct upgrading of cellulose to EG is a complex process with many possible undesired side 

reactions. Cellulose is recalcitrant to depolymerization, which requires high temperatures. As 

such, cellulose depolymerization or perhaps its hydrolysis to glucose fragments can be 

considered the rate determining step. This, however, is beneficial as it keeps the glucose 

concentration low during the reaction, which prevents its degradation to humins to a significant 

degree. The retro-aldol functionality of tungsten oxide plays a critical role in converting glucose 

liberated from cellulose to glycol aldehyde (Scheme 4.1), which is then hydrogenated to EG. 

From previous research on tungsten oxide materials, we discovered that tungstite was 

significantly more active catalyst than monoclinic WO3. As such, we compared the activity of 

these two materials (Table 4.2, entry 1 and 3). We indeed found the performance of tungstite 

to be superior, both in activity and selectivity towards EG.[18] Monoclinic WO3 contains very 

few Brønsted acid sites for its surface area, which itself is significantly smaller than that of b-

WO3. These factors combined result in its poor activity compared to b-WO3. The difference in 

activity of tungstite and monoclinic WO3 can also be observed in the distribution of side 

products. C4 and C6 products are obtained with both catalysts, but the product distribution is 

different. Monoclinic WO3 produces polyols as C4 and C6 side products, whereas tungstite is 

more selective towards the corresponding 1,2-diols. The 1,2-diols are formed from their 

respective polyols by successive dehydration and hydrogenation. It must be noted that all 

reaction mixtures were faintly blue in color immediately after recovering the reaction mixture, 
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which is probably caused by finely divided catalytic material, but can also result from soluble 

tungsten oxide species as reported by Tai et al. among others. [23] Soluble HxWO3 species and 

meta- and paratungstates are known to catalyze the depolymerization and hydrolysis of 

cellulose.[24–26] This implies that these processes could also be partially homogeneous in nature 

in our case. However, heterogenic processes cannot be discarded as there is a clear relation 

between the Brønsted acidity of the material and the level of conversion. This was shown by 

doping b-WO3 with niobium or titanium, which increases the Brønsted acidity of the material 

by inducing charge defects which are compensated by acidic protons, which is reported in 

earlier work.[16,17] 

 
Table 4.2. Cellulose conversion activity of various tungstite materials as function of temperature. [a] 

# Catalyst T Xcellulose SEG
[b] SPG

[b] SBD
[b] SHD

[b] SC4
[b] SC6

[b] C.B.[c] 

°C % % % % % % % % 

1 WO3 225 39.7 29.5 0.0 0.0 0.0 10.4 11.3 68.3 

2 b-WO3 210 44.5 70.2 0.0 8.4 0.0 4.4 12.7 74.5 

3 b-WO3 225 75.0 50.6 2.2 8.0 4.2 2.6 6.8 67.4 

4 b-WO3 240 100.0 43.2 6.4 8.2 2.6 1.0 3.1 64.4 

5 b-NbW5 210 46.9 66.8 0.0 7.4 0.0 4.1 11.4 72.8 

6 b-NbW5 225 80.1 44.3 3.3 7.6 3.0 1.7 4.6 61.6 

7 b-NbW5 240 100.0 37.9 7.0 8.0 2.4 1.0 2.8 59.0 

8 b-TiW5 210 56.7 45.9 5.5 7.3 0.0 1.2 3.0 63.5 

9 b-TiW5 225 95.6 34.3 5.3 7.1 1.9 0.7 2.1 51.5 

10 b-TiW5 240 100.0 29.2 9.4 10.6 1.5 0.0 1.0 51.6 

[a] Reaction conditions: 0.3 g cellulose, 0.05 g retro-aldol catalyst, 0.01 g 5 wt% Ru/C (1 wt% Ru w.r.t. 
WO3), 40 mL H2O, 45 bar H2, 600 rpm, 2 h. 

[b] EG, PG, BD, HD, C4 and C6 refer to ethylene glycol, 1,2-propylene glycol, 1,2-butanediol, 1,2-
hexanediol, erythritol and mannitol+sorbitol, respectively. 

[c] Carbon balance. 
 

Comparing entries 6 and 9 to 3, doping of tungstite indeed accelerated conversion of 

cellulose. However, the increased acidity had a negative impact on EG selectivity. This is likely 

caused by humin formation, as the carbon balance is also negatively affected. Increasing the 
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temperature to 240 °C (entries 4, 7 and 10) equally increased conversion while decreasing the 

EG selectivity and the carbon balance. Lowering the temperature to 210 °C (entries 2, 5 and 8) 

was beneficial to EG selectivity and improved the carbon balance significantly, but none of the 

doped materials exceeded the performance of tungstite. b-WO3 was therefore used to perform 

a kinetic study (Table 4.3). The majority of the EG production occurs in the first hour and the 

reaction reaches a stable plateau from that point as there is no remarkable change in selectivities 

towards different side products past one hour of reaction time. A plausible explanation is that 

during the first half an hour, the amount of free glucose and short-chain cellulose oligomers is 

still very low, and the catalyst is still active enough to convert these to non-humin forming 

species. The selectivity to the various hydrogenated species is therefore still high in the half an 

hour to 1 hour. During the course of the reaction, the amount of soluble short chain cellulose 

oligomers keeps increasing and so will the apparent conversion, which is purely based on the 

mass loss of recovered solids. However, these short chains are expected to deposit on the 

catalytic surface, form humins in the process, and will so deactivate the catalyst. The kinetic 

data enables us to estimate overall turnover frequencies based on cellulose conversion, 

assuming that the required Brønsted acidity only stems from the catalyst. With these 

assumptions in mind, we find an overall TON of 1277 mol cellulose / mol BAS and an overall 

TOF of 425 mol cellulose / (mol BAS · h). 

 

Table 4.3. Cellulose conversion activity of undoped tungstite as function of time. [a] 

# Catalyst t Xcellulose SEG
[b] SPG

[b] SBD
[b] SHD

[b] SC4
[b] SC6

[b] C.B.[c] 
min % % % % % % % % 

1 b-WO3 30 47.4 63.1 0.0 6.8 0.0 4.4 9.8 72.3 

2 b-WO3 60 62.3 60.9 2.7 7.7 4.0 2.3 8.3 72.0 

3 b-WO3 120 75.0 50.6 2.2 8.0 4.2 2.6 6.8 67.4 

4 b-WO3 180 87.8 50.3 1.9 6.6 3.8 2.2 7.6 68.0 

[a] Reaction conditions: 0.3 g cellulose, 0.05 g retro-aldol catalyst, 0.01 g 5 wt% Ru/C (1 wt% Ru w.r.t. 
WO3), 40 mL H2O, 45 bar H2, 600 rpm, 225 °C. 

[b] EG, PG, BD, HD, C4 and C6 refer to ethylene glycol, 1,2-propylene glycol, 1,2-butanediol, 1,2- 
hexanediol, erythritol and mannitol+sorbitol, respectively. 

[c] Carbon balance. 
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Next, the influence of surface area on the conversion and EG selectivity was evaluated by 

screening a series of (doped) of mesoporous tungsten oxides using temperatures of 210 °C and 

225 °C and a reaction time of 1 hour, as longer reaction times were not beneficial for EG 

production. The results are presented in Table 4.4. For this series, we additionally measured 

the formation of gaseous products, as ethylene and propylene glycol could in theory be 

dehydrated and hydrogenated as well, forming a number of C1 to C3 gaseous products in the 

process. 

 

Table 4.4. Cellulose conversion activity of (doped) mesoporous tungsten oxides. [a] 

# Catalyst T Xcellulose SEG
[b] SPG

[b] SBD
[b] SHD

[b] SC4
[b] SC6

[b] SGlu
[b] SGas

[c] C.B.[d] 

°C % % % % % % % % % % 

1 b-WO3 225 62.3 60.9 2.7 7.7 4.0 2.3 8.3 - - 72.0 

2 m-WO3 210 34.6 82.7 0.0 0.0 0.0 1.5 4.2 3.9 2.3 78.9 

3 m-WO3 225 66.7 49.5 5.5 7.7 3.1 0.6 1.7 2.7 2.3 74.9 

4 m-NbW5 210 34.7 78.8 0.0 0.0 0.0 1.1 6.5 2.9 2.2 78.7 

5 m-NbW5 225 64.0 56.7 3.4 7.4 4.3 1.8 8.5 2.2 1.8 71.1 

6 m-TiW5 210 36.2 81.4 0.0 3.7 0.0 1.0 3.4 2.2 2.0 78.5 

7 m-TiW5 225 70.3 49.0 6.8 9.8 3.1 1.1 2.7 2.7 1.5 67.2 

8 m-VW5 210 31.9 89.1 0.0 0.0 0.0 1.6 5.1 2.8 3.6 80.8 

9 m-VW5 225 57.2 38.6 1.7 4.5 1.9 2.3 9.4 2.1 1.9 63.2 

10 m-ZrW5 210 38.6 59.5 0.0 8.4 0.0 2.2 4.7 5.5 1.8 73.6 

11 m-ZrW5 225 74.3 45.0 4.2 6.1 2.4 0.7 1.4 1.6 1.2 60.3 

[a] Reaction conditions: 0.3 g cellulose, 0.05 g retro-aldol catalyst, 0.01 g 5 wt% Ru/C (1 wt% Ru w.r.t. 
WO3), 40 mL H2O, 45 bar H2, 600 rpm, 1 h. 

[b] EG, PG, BD, HD, C4, C6 and Glu refer to ethylene glycol, 1,2-propylene glycol, 1,2-butanediol, 1,2-
hexanediol, erythritol, mannitol+sorbitol and glucose respectively. 

[c] Combined selectivity towards gaseous products based on total carbon. 
[d] Carbon balance. 
 

m-WO3 is indeed more active than b-WO3 (Table 4.4, entries 1 and 2), but its use is 

accompanied with a significant drop in EG selectivity and carbon balance. The higher BAS 
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density of this material is likely the cause of the unwanted degradation of glucose and glucose 

oligomers to humins. The benefit of increased surface area is less than expected, but this is likely 

caused by the inaccessibility of a significant fraction of the material by larger cellulose 

fragments. Comparing the various dopants to m-WO3, V-doping is most beneficial when 

operating at 210 °C (entries 2 and 8), as a selectivity of 89% is reached at comparable conversion. 

At 225 °C, doping with Nb is most effective (entries 3 and 5) as conversion is traded for 

selectivity. Gaseous products are indeed formed, but only in low quantities and these neither 

seem to be influenced by temperature nor by dopant. Overall, the temperature has a remarkable 

effect on the retro-aldol activity of the various materials. At 210 °C, m-WO3 produces C4 and 

C6 polyols as side-products; at 225 °C, their dehydrated and hydrogenated 1,2-diol analogues 

are produced. Also of interest here is that m-TiW5 and m-ZrW5 (entries 6 and 10) produced 

1,2-butanediol already at 210 °C, but m-WO3, m-NbW5 and m-VW5 (entries 2, 4 and 8) did 

not. We surmise that tetravalent cations might provide alternative routes to form diols, which 

are not possible for pentavalent and tungsten cations. 

 
Table 4.5. Cellulose conversion activity of m-WO3 and m-NbW5 as function of time. [a] 

# Catalyst t Xcellulose SEG
[b] SPG

[b] SBD
[b] SHD

[b] SC4
[b] SC6

[b] SGlu
[b] SGas

[c] C.B.[d] 

min % % % % % % % % % % 

1 m-WO3 30 46.6 71.6 0.0 5.1 0.0 0.9 4.3 3.0 0.8 72.2 

2 m-WO3 60 66.7 49.5 5.5 7.7 3.1 0.6 1.7 2.7 2.3 74.9 

3 m-WO3 120 82.1 49.8 2.3 7.3 2.9 0.5 1.6 1.0 1.4 66.6 

4 m-WO3 180 89.3 41.2 1.6 6.8 1.9 0.5 1.8 1.0 1.5 72.7 

5 m-NbW5 30 50.0 64.7 3.1 6.6 3.3 1.8 8.1 3.9 0.9 72.9 

6 m-NbW5 60 64.0 56.7 3.4 7.4 4.3 1.8 8.5 2.2 1.8 71.1 

7 m-NbW5 120 83.5 50.8 3.8 8.2 4.1 1.1 5.9 2.0 1.4 70.0 

8 m-NbW5 180 95.2 39.5 2.4 5.7 2.5 0.8 4.8 1.4 1.3 57.8 

[a] Reaction conditions: 0.3 g cellulose, 0.05 g retro-aldol catalyst, 0.01 g 5 wt% Ru/C (1 wt% Ru w.r.t. 
WO3), 40 mL H2O, 45 bar H2, 600 rpm, 225 °C. 

[b] EG, PG, BD, HD, C4, C6 and Glu refer to ethylene glycol, 1,2-propylene glycol, 1,2-butanediol, 1,2-
hexanediol, erythritol, mannitol+sorbitol and glucose respectively. 

[c] Combined selectivity towards gaseous products based on total carbon. 
[d] Carbon balance. 
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Deeming m-WO3 and m-NbW5 the best-performing materials at 225 °C and 1 hour, we 

subjected these oxides to a similar kinetic study as b-WO3. The results are presented in Table 

4.5 and these show trends comparable to tungstite. The majority of EG is again produced in the 

first hour in either case. C4 and C6 polyols are produced in the first hour and are converted 

further to 1,2-diols. Interesting here is that m-WO3 seems to outperform b-WO3 in the first 30 

minutes of reaction time as the selectivity towards EG is higher (71% vs. 63%). Comparing the 

selectivities towards 1,2-diols and C4 and C6 polyols of these materials, m-WO3 produces less 

of these side products in the first half hour. Only aldehyde or carbonyl-containing fragments 

can be retro-aldolized into shorter fragments. When these functional groups are hydrogenated 

prematurely, they will contribute to the yield of C4 and C6 polyols or their 1,2-diol analogues 

after dehydration and hydrogenation. From this, we can conclude that the retro-aldolization 

rate of m-WO3 is higher than the hydrogenation rate in this time period when compared to b-

WO3. Using the same assumptions as used for TON and TOF calculations of b-WO3, TON and 

hourly TOF values of m-WO3 and m-NbW5 are respectively 128 mol cellulose / mol BAS and 

43 mol cellulose / (mol BAS h), and 378 mol cellulose / mol BAS and 126 mol cellulose / (mol 

BAS · h). 

After formation, glycol aldehyde needs to migrate to a metal function for hydrogenated to 

EG. The distance between retro-aldol and hydrogenation functions will therefore affect the 

likelihood for the aldehyde to degrade. To shorten the migration time, we impregnated our 

best-performing materials (b-WO3, m-WO3 and m-NbW5) with ruthenium (0.2 wt%, 0.5 wt%, 

1 wt% and 2 wt%). Actual weight loadings, particle sizes and dispersions are summarized in 

Table 4.6. 
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Table 4.6. Physicochemical data of ruthenium-impregnated materials.  

Catalyst Ru loading [a] D [b] D [b] 

wt% nm % 

b-WO3 0.25 8.00 16.0 

 0.51 15.3 8.39 

 1.08 20.9 6.15 

 2.28 20.4 6.29 

m-WO3 0.23 1.42 90.6 

 0.47 1.99 64.4 

 0.86 2.45 52.3 

 1.34 2.64 48.5 

m-NbW5 0.16 1.75 73.9 

 0.40 2.36 54.4 

 0.78 2.52 51.1 

 1.28 2.86 44.8 

[a] Determined by ICP. 
[b] Calculated from CO chemisorption. 

 

For b-WO3, the measured weight loadings are in good agreement with the desired ones. 

However, the actual weight loadings for both mesoporous materials deviate significantly from 

the intended ones. The reason for this is unclear as we could not find any relation between 

intended and obtained loadings. More importantly, at a loading of 0.25 wt%, particles on b-

WO3 are already quite large at 8 nm, exceeding 20 nm at a weight loading of 2.28 wt%. We 

surmise this is due to the limited surface area of b-WO3 as the average ruthenium particle sizes 

on the mesoporous materials are small in comparison, i.e. 1.42 nm for m-WO3 and 1.75 nm for 

m-NbW5. The particle sizes similarly increase with higher weight loadings, but this effect is far 

less apparent. 
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Figure 4.4. XRD measurements of Ru-impregnated b-WO3, m-WO3 and m-NbW5. Diffractograms of 

bare supports are added as reference. Intended Ru loadings (wt%) are indicated on the right. 

 

The effect of ruthenium impregnation and subsequent pretreatment in reducing conditions 

at elevated temperatures on the support was evaluated with XRD and TPR. Diffractograms are 

displayed in Figure 4.4. m-WO3 and m-NbW5 stay relatively unaffected with regard to crystal 

phase and that the peaks become slightly sharper. In contrast, b-WO3 undergoes significant 

changes in crystal phase under the applied conditions. Tungstite transforms into the same β-

W20O58 phase when exposed to the pretreatment conditions and the extent of this 

transformation seems to depend on the ruthenium loading. This suggests reduction of the 

tungstite support by hydrogen spillover from the ruthenium metal as a plausible mechanism. A 

similar mechanism has already been described by Khoobiar et al. for Pt/WO3.[27] 
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Figure 4.5. TPR profiles of Ru-impregnated b-WO3, m-WO3 and m-NbW5. TPR of bare supports are 

added as reference. Numbers on the right denote intended Ru loading as wt%. 

 

TPR profiles (Figure 4.5) show that ruthenium reduces earlier on the mesoporous materials 

than on the bulk tungstite. Ru reducibility on the mesoporous materials depends on the 

ruthenium loading as peak maxima shift to lower temperatures with increasing ruthenium 

loading. In contrast, reducibility of the support from β-W20O58 to WO2 (temperature range from 

750 °C to 850 °C) increases with increasing Ru loading. For tungstite, ruthenium is reduced in 

two consecutive steps. This phenomenon is not observed for the mesoporous materials. We 

then screened these materials using reaction conditions of 225 °C and 1 hour. The results are 

presented in Table 4.7. 
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Table 4.7. Cellulose conversion activity of Ru-impregnated materials. [a] 

# Catalyst Ru[b] Xcellulose SEG
[b] SPG

[b] SBD
[b] SHD

[b] SC4
[b] SC6

[b] SGlu
[b] SGas

[c] C.B.[d] 

wt% % % % % % % % % % % 

1 b-WO3 Phys [f] 62.3 60.9 2.7 7.7 4.0 2.3 8.3 2.5 2.1 72.0 

2 b-WO3 0.2 60.7 50.0 0.0 3.6 0.0 0.8 0.7 3.6 2.4 65.0 

3 b-WO3 0.5 59.3 51.2 3.3 3.5 0.0 0.6 0.3 2.3 1.8 62.0 

4 b-WO3 1.0 49.1 60.2 4.4 4.8 0.0 1.1 0.7 3.1 2.3 60.0 

5 b-WO3 2.0 50.5 65.7 5.2 5.9 0.0 1.0 0.5 2.0 1.3 70.3 

6 m-WO3 Phys 66.7 49.5 5.5 7.7 3.1 0.6 1.7 2.7 2.3 74.9 

7 m-WO3 0.2 50.1 33.1 0.0 0.0 0.0 0.4 0.0 5.5 0.6 59.8 

8 m-WO3 0.5 49.8 46.9 0.0 0.0 0.0 0.5 0.6 5.2 1.4 63.8 

9 m-WO3 1.0 50.5 56.5 4.6 4.3 0.0 1.0 1.7 5.2 3.1 69.0 

10 m-WO3 2.0 52.5 55.8 7.9 6.6 5.2 1.6 5.8 5.6 2.9 72.7 

11 m-NbW5 Phys 64.0 56.7 3.4 7.4 4.3 1.8 8.5 2.2 1.8 71.1 

12 m-NbW5 0.2 55.0 20.3 0.0 0.0 0.0 0.3 0.0 2.8 0.4 52.2 

13 m-NbW5 0.5 58.6 30.8 0.0 0.0 0.0 0.4 0.3 2.8 0.8 53.4 

14 m-NbW5 1.0 58.7 48.0 4.3 3.8 0.0 0.7 0.9 2.8 1.2 61.6 

15 m-NbW5 2.0 63.0 44.0 8.9 5.5 3.5 1.3 3.9 3.7 2.3 66.1 

[a] Reaction conditions: 0.3 g cellulose, 0.05 g retro-aldol catalyst, 40 mL H2O, 45 bar H2, 600 rpm, 225 
°C. 

[b] Intended Ru loading. 
[c] EG, PG, BD, HD, C4, C6 and Glu refer to ethylene glycol, 1,2-propylene glycol, 1,2-butanediol, 1,2-

hexanediol, erythritol, mannitol+sorbitol and glucose respectively. 
[d] Combined selectivity towards gaseous products based on total carbon. 
[e] Carbon balance. 
[f] Phys refers to separatee retro-aldol and hydrogenation catalysts: 0.05 g retro-aldol catalyst, 0.01 g 5 

wt% Ru/C (1 wt% Ru w.r.t. WO3). 

 
Overall, the Ru-impregnated catalysts achieve lower conversions than the non-

impregnated materials + Ru/C. However, impregnating b-WO3 with increasing levels of Ru 

results in higher EG selectivity (Table 4.7, entries 1 to 5), and even exceeds the EG selectivity of 

the system using separate retro-aldol and hydrogenation functions. Additionally, low loadings 

of Ru suppress formation of C4 and C6 polyols, but becomes more favored with increasing Ru 

loadings, as expected. Interestingly, selectivity towards 1,2-PG also increased with larger Ru 
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amounts. This is likely caused by isomerization reactions promoted by b-WO3. The m-WO3 

series (Table 4.7, entries 6 to 10) behaves comparable to the b-WO3 series as cellulose 

conversion drops and EG selectivity increases with increasing Ru loadings. C4 and C6 

selectivities are also reduced by impregnation and equally increase with increasing Ru loadings, 

as does 1,2-propylene glycol selectivity. Impregnation of m-NbW5 (entries 11 to 15) does not 

show such a increase in selectivity towards EG, although the trend of the initially low but 

increasing selectivities towards C3, C4 and C6 compounds is preserved. 

From this screening, we can conclude that impregnation of b-WO3 with 2 wt% offers 

significant advantages over separate hydrogenation and retro-aldol functions. Although the 

conversion is lower, this is more than compensated by lower C4 and C6 side product formation, 

making separation of EG from the reaction mixture a lot easier. A kinetic study was performed 

to probe the activity of this catalyst over time and the results are displayed in Table 4.8. Very 

little side products are formed within the first half hour of reaction time, with comparable 

carbon balances as other reactions ran for this time period. The amount of polyols stays low, 

even after 3 hours of reaction time, very different from the separate tungsten oxide and Ru/C 

systems tested in this work. However, we find here that the majority of EG production again 

takes place in the first hour of reaction time, with decent carbon balance and low side product 

formation. 
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Table 4.8. Cellulose conversion activity of 2 wt% Ru/b-WO3. [a] 

# 

 

Catalyst t Xcellulose SEG
[b] SPG

[b] SBD
[b] SHD

[b] SC4
[b] SC6

[b] SGlu
[b] SGas

[c] C.B.[d] 

min % % % % % % % % % % 

1 b-WO3 30 37.1 61.2 0.0 0.0 0.0 1.8 1.6 1.4 0.7 72.1 

2 b-WO3 60 50.5 65.7 5.2 5.9 0.0 1.0 0.5 2.0 1.3 70.3 

3 b-WO3 120 72.3 45.2 1.8 7.0 1.6 0.8 0.6 2.3 1.2 59.6 

4 b-WO3 180 82.9 37.0 1.7 7.0 1.6 0.6 0.6 2.2 1.0 52.9 

[a] Reaction conditions: 0.3 g cellulose, 0.05 g retro-aldol catalyst, 40 mL H2O, 45 bar H2, 600 rpm, 225 
°C. 

[b] EG, PG, BD, HD, C4, C6 and Glu refer to ethylene glycol, 1,2-propylene glycol, 1,2-butanediol, 1,2-
hexanediol, erythritol, mannitol+sorbitol and glucose respectively. 

[c] Combined selectivity towards gaseous products based on total carbon. 
[d] Carbon balance. 

4.4 Conclusion 

We investigated the influence of doping tungstite and mesoporous tungsten oxides with 

early transition metals on the depolymerization of cellulose to glucose and the retro-

aldolization of glucose to C2 aldehydes. Both tungstite (b-WO3) and mesoporous tungsten 

oxide (m-WO3) were more active and EG selective than monoclinic WO3, using carbon-

supported ruthenium that provided the hydrogenation function to convert intermediate C2 

aldehyde to EG. Monoclinic WO3 reached 40% cellulose conversion with 30% EG selectivity 

after 2 hours of reaction time and was easily surpassed by b-WO3 and m-WO3 in performance, 

which reached 62% and 67% conversion with EG selectivities of 61% and 50%, respectively, 

after only 1 hour of reaction. Kinetic studies performed with b-WO3 and m-WO3 show that 

their cellulose conversion rates are comparable, but m-WO3 initially has a higher EG selectivity 

than b-WO3 (72% vs. 63%). After 1 hour, the EG selectivity of m-WO3 drops to 50%, while the 

EG selectivity of b-WO3 remains steady at 61%. Longer reaction times have a negative effect on 

EG selectivity, dropping to 50% and 41% for respectively b-WO3 and m-WO3 after 3 hours of 

reaction time. Doping of b-WO3 with niobium (b-NbW5) or titanium (b-TiW5) enhanced the 

rate of cellulose depolymerization to glucose through a higher Brønsted acidity, but this did not 

increase the retro-aldol performance as the higher acidity resulted in an increased rate of humin 
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formation, especially noticeable when using b-TiW5. Doping of m-WO3 with niobium (m-

NbW5) or titanium (m-TiW5) did not significantly improve the conversion, although a slightly 

higher EG selectivity was observed when m-NbW5 (57%) was used, compared to m-WO3 (50%). 

Doping with vanadium (m-VW5) or zirconium (m-ZrW5) lowered and increased cellulose 

conversion, but neither dopant increased EG selectivity. Since m-NbW5 was slightly more 

efficient regarding EG selectivity than m-WO3, we also subjected that material to a kinetic study 

and found that its performance was comparable to that of b-WO3 and m-WO3, especially in the 

first hour. Impregnation of these three materials (b- and m-WO3, and m-NbW5) with varying 

levels of ruthenium showed that a weight loading of 2% on tungstite rendered the most effective 

catalyst, based on EG selectivity and carbon balance. While the total EG yield of the 

impregnated material is lower (33% vs. 38%), the EG selectivity and significantly lower polyol 

yield make tungstite impregnated with 2 wt% of ruthenium the promising catalyst in our study. 
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Chapter 5 
Ceria nano-shaping effects on oxidation of 5-hydroxymethylfurfural to FDCA 

 

Abstract 

Ceria (cerium dioxide, CeO2) is an important technological material with many applications in 
catalysis. A particular aspect of ceria materials that has drawn much attention in the last decades 
is the strong influence of the ceria surface termination and extend of reversible oxygen storage 
capacity on catalytic performance. Ceria-supported gold is an effective catalyst for numerous 
reactions involving redox chemistry. Considering the topic of biomass, this family of catalysts 
was successfully employed in the oxidation of 5-hydroxymethylfurfural to 2,5-
furandicarboxylic acid, which is a promising renewable alternative for fossil-resource based 
terephthalic acid. Recently, an effective protection strategy has been developed, enabling 
conversion of high 5-HMF feedstocks through protection of the reactive formyl group as a 
cyclic acetal with propane-diol (PDHMF). Experimental and DFT studies showed the direct 
involvement of the ceria support in the catalytic cycle. A follow-up study was conducted to 
investigate the influence of different ceria nanoshapes, gold deposition methods and catalyst 
pretreatment on the overall aerobic oxidation activity of PDHMF to FDCA.  
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5.1 Introduction 

Biomass is an abundant and renewable source of carbon and is considered a viable resource for 

the production of fuels and chemicals. The global production of plastics of more than 350 

megatonnes mostly depends on monomers obtained from petroleum oil resources.[1] The 

growing concern about climate change due to anthropogenic carbon dioxide emissions makes 

the use of crude oil as a feedstock for plastics unsustainable. Unlike the energy sector, the 

chemical industry cannot easily decarbonize as materials are mostly based on carbon atoms. At 

the same time, there are also substantial worries about plastic waste ending up in the 

environment. In a sustainable view on plastics use, polymers are re-used and new polymers are 

for a significant part derived from renewable carbon resources. Accordingly, there is increasing 

attention to convert biomass into building blocks for plastics.[2,3] For instance, biomass-derived 

furanics such as furfural and 5-hydroxymethylfurfural (5-HMF) have been at the center of the 

attention in this regard, because these biobased chemicals can be easily derived from 

lignocellulosic feedstock and transformed in a large variety of monomers.[4,5] Examples include 

1,6-hexanediol, adipic acid and terephthalic acid, all which can directly be implemented in 

current polymerization processes. Furthermore, furan-2,5-dicarboxylic acid (FDCA) and its 

carboxylates have proven themselves as a substitute to terephthalic acid for the production of 

polyethylenefuranoate (PEF) as an alternative to polyethyleneterephthalate (PET).[6–8]  

PEF has several advantages over PET, such as higher tensile strength and lower gas 

permeability.[9–12] Despite these advantages, large-scale production of FDCA from 5-HMF has 

not been realized yet owing to a number of drawbacks. One such drawback is the rapid 

degradation of 5-HMF when used in high concentrations in reaction mixtures.[13,14] This implies 

high solvent recycle and cost in a practical implementation. Studies toward successful catalytic 

strategies for this conversion are usually limited to dilute solutions. The reason for 5-HMF 

degradation lies in the presence of the reactive formyl group in this molecule, which can engage 

into complex undesired condensation and polymerization side-reactions, forming humins and 

decreasing overall product yield.  
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Recently, Kim et al. reported a strategy revolving around protecting the reactive aldehyde by 

acetalization with 1,3-propanediol.[7] Direct oxidation of the acetal form of 5-HMF with 1,3-

propane-diol 5-HMF (PDHMF) is possible in aqueous alkaline environment, enabling high 

FDCA yields (>90%) from concentrated reactant solution. This protection strategy was also 

successful for obtaining high yields of the bis-methyl- and bis-2-hydroxyethyl-2,5-

furandicarboxylate esters using methanol and ethylene glycol as solvents respectively, enabling 

production of PEF and other furan polyesters by direct transesterification.[8] The oxidation 

catalyst used in their studies was ceria-supported gold. This material was proven to be a selective 

catalyst for 5-HMF oxidation to FDCA as well as an effective oxidation catalyst for several other 

reactions.[15–17] 

Ceria (cerium dioxide, CeO2) is an important technological material with many applications 

in catalysis because of its reversible oxygen storage capacity. A particular aspect of ceria 

materials that has drawn much attention in the last decades is the strong influence of the ceria 

surface termination on catalytic performance. Several synthetic approaches have been 

developed, giving access to different types of nanostructured ceria, which selectively expose 

particular surface terminations. Next to polyhedra, which predominantly expose the (111) 

surface, it can also be shaped as (100)-terminated nanocubes and (111)-terminated 

nanorods.[18–20] Although polyhedra and rods expose the same termination, rods contain a 

higher number of oxygen defects due to their heavily corrugated surface. This translates in a 

higher oxygen storage capacity, which can aid in numerous catalytic reactions, including 

reduction of NOx and oxidation of CO to form N2 and CO2 as part of the three-way catalyst, 

and steam reforming of ethanol and methane, yielding H2, CO and oxygenates.[21–23] 

Considering the aerobic oxidation of 5-HMF, oxidation of the alcohol functionality to the 

corresponding aldehyde is regarded as the rate-determining step (Scheme 5.1).[15] Oxidation of 

either formyl group is facile, however, and proceeds through formation of a geminal diol when 

performed in water.  
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Scheme 5.1. Reaction pathway for stepwise oxidation of 5-HMF to FDCA in aqueous environment. 

 

Corma et al. studied aerobic oxidation of 5-HMF to FDCA using gold nanoparticles 

supported on several support materials and reported a synergistic effect between ceria and 

gold.[15,24] The interaction of metallic gold with the ceria surface results in Au+ and Ce3+ species, 

which take part in the catalytic cycle as hydride acceptor and adsorption site for molecular 

oxygen, respectively. In addition, the Lewis acidic sites of the ceria support aid in stabilizing the 

in situ formed alkoxide prior to hydride abstraction. The separate steps are also relevant for 

oxidation of the already mentioned oxidation of PDHMF to FDCA. However, due to the stable 

nature of the acetal in alkaline environment, the oxidation of the alcohol group and subsequent 

oxidation of the generated formyl to a carboxylic acid precedes acetal hydrolysis and its 

subsequent oxidation as shown by Kim et al.[7] These authors also demonstrated that ceria Lewis 

acid sites facilitate the hydrolysis of the acetal as presented in Scheme 5.2.  
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Scheme 5.2. Scheme depicting intermediates produced during oxidation of PDHMF to FDCA. PDBFF 

and PDFFCA are the cyclic acetal forms of respectively bisformylfuran and formyl furan carboxylic 
acid with 1,3-propanediol. (a) shows oxidation of the hydroxygroup to formyl and its subsequent 
oxidation to the carboxylic acid (b) depicts the Lewis acidic role cerium performs during hydrolysis 
of the cyclic acetal to the corresponding hemiacetal, which itself is oxidized to the corresponding 
ester. (c) presents the hydrolysis of the ester produced in (b), facilitated by the alkaline environment, 
to the end-product FDCA. 

 

Herein we report a study on the effect of ceria surface termination on the catalytic activity of 

supported gold nanoparticles for the aerobic oxidation of PDHMF to FDCA. For this, 

nanostructured ceria supports were impregnated with gold via deposition-precipitation (DP) 

using urea or NaOH as base. Urea DP was initially chosen as the method to load gold, because 

it provides homogeneously dispersed nanoparticles of uniform size.[25] The final particle size 

depends mostly on the contact time, with longer times leading to smaller particles. In contrast, 

the average particle size obtained via DP assisted by NaOH is governed by the pH of the 

solution, which is hard to control due to the hydrolysis of the HAuCl4 precursor, which strongly 

affects the pH during the DP process. Additionally, the gold uptake of the support at high pH 
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tends to be low. For titania, particles of roughly 3-4 nm are obtained at a pH of 10, but less than 

40% of the introduced gold is deposited on the support.[26,27] This also applies to ceria supports. 

as shown by Corma et al. during preparation of a 2.6 wt% Au/ceria support, which used an 

amount of HAuCl4 precursor which in theory could achieve a loading of 4.4%.[15] In this case, 

the deposition efficiency is around 60%. Clearly, the support has a significant influence on the 

overall gold uptake by the NaOH DP approach.[26,28] The catalysts as such prepared were tested 

in batch conditions to evaluate their performance for aerobic oxidation of diluted and 

concentrated 5-HMF and PD-5-HMF.  

5.2 Experimental 

5.2.1 Chemicals 

Cerium nitrate hexahydrate (Ce(NO3)3∙6H2O, 99.99%), chloroauric acid trihydrate, 

(HAuCl4∙3H2O, 99.99%), trimethylorthoformate (TMOF, 99%) and 1,3-propanediol (1,3-PDO, 

99%) were procured from Alfa Aesar. Cerium acetylacetonate (Ce(acac)3), glacial acetic acid 

(AcOH, 99.7%), 5-hydroxymethyl furfural (5-HMF, ≥99 %), 5-acetoxymethyl furfural (5-

AcOMF, 99%), In(OTf)3 (99%), anhydrous magnesium sulfate (MgSO4, ≥99.5%) and sodium 

carbonate (Na2CO3, ≥99.5%), sodium hydroxide (NaOH, ≥98%), activated neutral alumina, and 

CDCl3 (99.96% deuterated, silver stabilized) were purchased from Sigma Aldrich. Ethanol 

(99.9%), dichloromethane (extra dry, 99.9%), and ethyl acetate (99.8%) were bought from 

Biosolve. All chemicals were used without further purification. Fresh and spent Au/JRC-CEO-

2 as well as bare JRC-CEO-2 was kindly provided by Minjune Kim. 

5.2.2  Catalyst preparation 

Polyhedral ceria was prepared by flame spray pyrolysis (FSP) using a Tethis NPS10 

apparatus.[29] Ce(acac)3 (2.19 g, 5 mmol) was dissolved in AcOH (50 mL) and stirred at 80 °C 

for 1 h to obtain a homogeneous precursor solution, which was subsequently injected at a speed 

of 5 mL/min. The flame was fed with methane (1.5 SLPM) and oxygen (1.5 SLPM) as well as a 
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dispersion flow of oxygen (5.0 SLPM). The yellow material was collected on a glass fiber filter 

after the procedure and labeled FSP. 

Hydrothermal synthesis of nanoshaped ceria was performed following a procedure 

developed by Mai et al.[30] An aqueous solution of Ce(NO3)3∙6H2O (5 mmol in 5 mL deionized 

H2O) was poured into an NaOH solution (0.6 mol in 35 mL deionized H2O), yielding a 

homogeneous gray gel after 2 hours of thorough stirring. The mixture was poured into the PTFE 

liner of a 125 mL stainless steel autoclave and diluted to 100 mL with deionized water. For 

nanorods, a hydrothermal temperature of 100 °C was used under static conditions. Nanocubes 

required a hydrothermal temperature of 180 °C and tumbling of the autoclave. Duration of the 

hydrothermal treatment was 24 hours for either material. The resulting products were collected 

by centrifugation, washed thoroughly with deionized water and then ethanol, and dried at 80 

°C overnight under vacuum. Subsequently, the materials were calcined at 500 °C (4 °C min-1 

ramp) in air, yielding yellow powders, and labeled Cubes and Rods. 

Gold deposition was achieved using two different methods reported in literature with listed 

quantities per gram of catalyst.[7,25,31] Urea homogeneous deposition-precipitation (urea-HDP) 

was performed by dispersing ceria support (1 g) in 12.5 mL in an aqueous 10 mM HAuCl4∙3H2O 

solution. A solution of urea (750 mg in 70 mL deionized water) was added. The dispersion was 

stirred for 30 minutes at room temperature and then slowly heated to 90 °C to expedite urea 

decomposition. The dispersion was kept at 90 °C for 16h and cooled down to room temperature.  

NaOH-DP was performed by adjusting a solution of an appropriate amount of 

HAuCl4∙3H2O in 40 mL H2O to pH 10 with a 0.2M NaOH solution and prior to addition to a 

suspension of ceria support (1 g) in 12.5 mL H2O. The mixture was corrected to a pH of 10 and 

stirred overnight at room temperature.  

After either DP procedure, the solids were collected by centrifugation and washed 

thoroughly until no precipitated was formed in the supernatant by addition of a solution of 

AgNO3, indicating that all traces of chloride were removed. The material was dried at 75 °C 

under vacuum. Materials prepared with the Urea-HDP method were calcined at 300 °C for 3 
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hours, NaOH-DP prepared catalysts were optionally reduced with 1-phenylethanol (10 mg 

catalyst per mL reductant). 

PDHMF was prepared according to a procedure developed by Kim et al.[7] Briefly, a catalytic 

amount of In(OTf)3 (101 mg, 0.18 mmol, 0.015 eq) was added to a stirred solution of 1,3-PDO 

(3.07 mL, 3.20 g, 42.0 mmol, 3.5 eq), TMOF (2.63 mL, 2.55 g, 24 mmol, 2.0 eq) and 5-AcOMF 

(2.02 g, 12.0 mmol) in DCM (120 mL). The mixture was left stirring for 18 hours at room 

temperature and then filtered through a plug of neutral alumina, followed by vacuum 

evaporation of the solvent. The residue was dissolved in a mixture of H2O (150 mL) and ethanol 

(50 mL) to which Na2CO3 (3.82 g, 36 mmol, 3.0 eq) was added. The solution was stirred at room 

temperature for 6 hours. Ethanol was then removed by vacuum evaporation and the water layer 

was extracted repeatedly by ethyl acetate. The combined organics were dried over MgSO4 and 

ethyl acetate was removed by evaporation. The resulting pale-yellow oil was concentrated 

further under high vacuum, yielding PD-5-HMF as product. 1H NMR spectra were recorded on 

a Bruker Avance III HD.  

 

(5-(1,3-dioxan-2-yl) furan-2-yl)methanol (PDHMF): 1H NMR (400 MHz, 

CDCl3): 6.39 (d, 1H), 6.27 (d, 1H), 5.56 (s, 1H), 4.60 (s, 1H), 4.25 (m, 2H), 3.95 

(m, 2H), 2.24 (m, 1H), 1.45 (m, 1H) 

5.2.3 Characterization 

Elemental analysis was performed on a Spectroblue EOP ICP optical emission spectrometer 

with axial plasma viewing, equipped with a free-running 27.12 MHz generator operating at 

1400 W. Prior to the measurement, the samples were digested in mixtures of concentrated 

HNO3 and HCl (1:3 parts by volume) and heated to 150 °C. Full dissolution was achieved by 

addition of H2O2 after an isothermal period of 30 minutes. Reaction liquors were diluted 5 times 

and analyzed without any further treatment to estimate the degree of gold leaching from the 

catalyst. To suppress the influence of organics on the leaching measurements, the calibration 

line was modified to contain approximately the same level of carbon and sodium as the reaction 

liquors. 



 
 
 
 

Ceria nano-shaping effects on oxidation of 5-hydroxymethylfurfural to FDCA 

P a g e  ♦ 95 
 
 
 
 

X-ray photoelectron spectroscopy (XPS) was conducted on a Thermo Scientific K-alpha 

equipped with a monochromatic small-spot X-ray source and a 180° double focusing 

hemispherical analyzer with a 128-channel detector. Initial pressure was 8·10-8 mbar or less 

which increased to 2·10-7 mbar due to the active argon charge compensation dual beam source 

during measurement. For a typical sample preparation, freshly reduced catalyst was pressed 

down on carbon tape supported by an aluminium sample plate under inert atmosphere. The 

inert conditions were retained by using a vacuum transfer module. Spectra were recorded using 

an Al Kα X-ray source (1486.6 eV, 72 W) and a spot size of 400 μm. Survey scans were taken at 

a constant pass energy of 200 eV, 0.5 eV step size, region scans at 50 eV constant pass energy 

with a step size of 0.1 eV. XP spectra were calibrated to the C-C carbon signal (284.8 eV) 

obtained from adventitious carbon and deconvoluted with CasaXPS. The peak areas thus 

obtained were used to estimate surface chemical composition. 

Infrared (IR) spectroscopy was used to evaluate acidic properties of the bare supports, using 

pyridine as probe molecule. Spectra were recorded in the range of 4000-1200 cm-1 at a resolution 

of 2 cm-1 on a Bruker Vertex V70v Fourier-Transform infrared spectrometer equipped with a 

DTGS detector and CaF2 windows. A total of 64 scans were averaged for each spectrum. 

Typically, finely powdered material was pressed into self-supporting wafers with density ρ ≃ 25 

mg cm-2 using a pressing force of 3,000 kg and placed inside a variable temperature IR 

transmission cell coupled to a closed gas circulation system. The samples were calcined in an 

atmosphere of artificial air (20% O2 in N2) at 500 °C for 2 hours, ramp rate 5 °C min-1, to remove 

adsorbates such as H2O and CO2, then cooled to 70 °C prior to outgassing in vacuo until a 

pressure of 2·10-6 mbar or lower was reached. Spectra were recorded prior and after calcination. 

Pyridine was then introduced into the cell until saturation was reached, and physisorbed 

pyridine was removed in vacuo for 1 hour. A spectrum was recorded at this point. Thermal 

stability of the acid sites was estimated by heating the sample in vacuo to 100 °C and 200 °C and 

cooling back to 70 °C 15 min after either temperature was reached. Spectra were then recorded 

after an isothermal period of 5 minutes at 70 °C.  
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Water tolerance of the Lewis sites was probed by introducing a helium stream saturated with 

water vapor at 10 °C (1% H2O in He) until saturation was reached, then outgassed in vacuo until 

a pressure of 2·10-6 mbar or lower was reached. Pyridine experiments were conducted as above. 

Difference spectra were obtained by subtraction of the sample background from the recorded 

spectra. No characteristic signals for Brønsted acid sites (~1540 cm-1) were observed, only for 

Lewis acidic sites (1450-1440 cm-1, integrated molecular extinction coefficient: 0.97 µmol 

cm-1).[32] Deconvolution was performed with Fityk curve fitting program and acid site densities 

were calculated using Equation 2.1. 

31P-NMR spectroscopy was employed to further elucidate the relative strength of the Lewis acid 

sites using trimethylphosphine (TMP) as Lewis acid-sensitive probe molecule on a Bruker 

DMX-500 at a spinning rate of 10 kHz, using a 31P 4 mm MAS probe operating at 202 MHz. 

Samples were pretreated in an atmosphere of artificial air (20% O2 in N2) at 500 °C for 2 hours, 

ramp rate 5 °C min-1, to remove adsorbates such as H2O and CO2. All further handling prior to 

measurement was performed in a glovebox. Finely-ground material was added in portions into 

a 4 mm zirconia rotor and firmly compressed to ensure homogeneity prior to addition of TMP, 

which was allowed to distribute through the sample overnight and then evacuated at 50 °C to 

remove physisorbed TMP, measuring 31P spectra when appropriate. Typically, 512 scans were 

collected using an interscan delay of 10 seconds. 

Nitrogen sorption data was acquired from a Micromeritics Tristar 3000 in static measurement 

mode at -196 °C. The samples (typically 150 mg) were pretreated at 120 °C under a gentle N2 

stream overnight prior to the sorption measurements. The Brunauer-Emmett-Teller (BET) 

equation was used to calculate the specific surface area (SBET) from the adsorption data (p/p0 = 

0.05-0.25).  

Powder X-ray diffraction (XRD) patterns were obtained from a Bruker Endeavour D2 Phaser 

diffractometer using Cu Kα radiation with a scanning speed of 0.6 ° min-1 in the range of 20 ° ≤ 

2θ ≤ 70 °. Crystal phases were identified using the DIFFRAC.EVA software package and the 

PDF-2 crystallographic database (version 2008). 
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Transmission electron microscopy (TEM) images were obtained in bright field mode from a 

FEI Tecnai 20 (type Sphera) operating with a LaB6 filament at 200 kV and a bottom mounted 

1024 x 1024 Gatan msc 794™ CCD camera. Suitable samples were prepared by dropping a 

suspension of finely ground material in analytical grade absolute ethanol onto Quantifoil R 

1.2/1.3 holey carbon films supported on a copper grid. 

Elemental mapping was performed on a probe Cs corrected Titan² (FEI) operating at 300 kV 

in ADF-STEM mode using an Oxford Instruments X-MaxN 100TLE EDX detector. Suitable 

samples were prepared by dropping a suspension of finely ground material in analytical grade 

absolute ethanol onto Quantifoil R 1.2/1.3 holey carbon films supported on a copper grid. 

5.2.4 Catalyst activity measurements 

Aerobic oxidation of 5-HMF and PDHMF were conducted in a Teflon-lined stainless-steel 

autoclave, which was charged with substrate (10 mg or 100 mg), catalyst (10 mg or 100 mg, 

substrate/catalyst = 1), Na2CO3 (2 mol. equivalents with respect to the substrate) and water (1 

mL). The autoclaves were repeatedly purged with O2 prior to pressurizing to 0.5 MPa and 

heated in a pre-heated oil bath to 140 °C for a specified reaction time (0-18 hours), stirred at 

500 rpm. After reaction, the contents of the autoclave were diluted to dissolve solid products, 

and catalyst was recovered by centrifugation. Quantification of substrate, products and 

intermediates was performed on a Shimadzu Nexera X2 HPLC, equipped with refractive index 

and photodiode array detectors. Analytes were separated on an Aminex-HPX-87H kept at 35 

°C using 5 mM H2SO4 as mobile phase with a flow rate of 0.5 mL min-1. Conversions, yields and 

selectivities were calculated using Equations 2.2 – 2.4, and converted to percentages where 

appropriate. 

5.3 Results and discussion 

CeO2-FSP, CeO2-Cubes and CeO2-Rods were prepared following previously-reported 

procedures.[29,30] Specific surface of these materials as determined by N2 physisorption were 135 

m2 g-1, 28 m2 g-1 and 75 m2 g-1 respectively (Table 5.1). All ceria materials have the cubic fluorite 
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crystal structure (Fm3�m space group), as shown by XRD (Figure 5.1). Notably, CeO2-FSP 

displays relatively broad peaks indicative of a nanocrystalline material, although the sharp peaks 

at the same positions indicate that a fraction of significantly larger ceria crystals is also 

present.[33] TEM analysis confirms the morphology of the synthesized supports (Figure 5.2). 

 
Figure 5.1. XRD patterns of bare supports, referenced to PDF 043-1002 (CeO2 Fm3�m). 
 

 
Figure 5.2. TEM images of as-prepared CeO2-FSP, CeO2-Cubes and CeO2-Rods, depicting overall 

morphology (top) and exposed crystal lattices (bottom). 
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On average, CeO2-FSP particles are 3.8 nm +/- 0.2 nm in size. Our TEM images did not 

evidence the presence of larger particles as suggested by XRD. The average size of CeO2-Cubes 

is 18 nm +/- 2.0 nm. CeO2-Rods are on average 148 nm +/- 15 nm in length and 13 nm +/- 0.83 

nm in width. CeO2-Cubes selectively expose (100) surfaces. CeO2-Rods primarily expose very 

corrugated and defect-rich (111) surfaces, which is in line with earlier observations.[18,29,34]  

As discussed in Scheme 5.2, the Lewis acidity of the ceria support plays a significant role in 

the oxidation of PDHMF to FDCA, primarily by assisting in the hydrolysis of the cyclic acetal 

to the corresponding hemi-acetal. As such, the Lewis acid density of the prepared supports were 

determined with IR spectroscopy, using pyridine as a probe molecule (Table 5.1). Ceria is 

known for its strong interaction with carbonyl species.[35,36] Even at a high pretreatment 

temperature of 500 °C under oxidizing conditions (flowing 20 vol.% O2 in He), CeO2-Cubes 

and CeO2-Rods still show signals of chemisorbed formates and carbonates (1600–1400 cm-1) in 

addition to several peaks between 3750-3500 cm-1, assignable to hydroxyl species arising from 

hydrogen carbonates (Figure 5.3). 

 
Table 5.1. Physico-chemical properties of bare supports. 

Catalyst SBET NLAS,1440
[a] NLAS,1445

[b] NLAS,total
[c] 

 m2 g-1 μmol g-1 μmol m-2 μmol g-1 μmol m-2 μmol g-1 μmol m-2 

CeO2-FSP 135 76 0.57 40 0.30 117 0.86 

CeO2-FSPhyd 
[d]  80 0.59 58 0.44 139 1.02 

CeO2-Cubes 28 4.2 0.16 3.6 0.14 7.8 0.30 

CeO2-Cubeshyd  0.7 0.032 2.8 0.11 3.6 0.135 

CeO2-Rods 75 26 0.42 44 0.72 70 1.15 

CeO2-Rodshyd  29 0.48 42 0.70 72 1.18 

[a] Contribution of 1440 cm-1 signal to number of Lewis acid sites. 

[b] Contribution of 1445 cm-1 signal to number of Lewis acid sites. 

[c] Total number of Lewis acid sites. 

[d] Hyd refers to rehydrated samples. 
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Figure 5.3. IR spectra of CeO2-FSP, CeO2-Cubes and CeO2-Rods prior to and after pretreatment. Top 

and bottom spectra in each graph were obtained prior and after the calcination treatment 
respectively. 

 

After introduction of pyridine, characteristic peaks appear at 1445 cm-1 and 1490 cm-1, which 

can be associated with Lewis acid sites (Figure 5.4). The absence of a band at 1540 cm-1 indicates 

that none of the three supports contain a significant amount of Brønsted acid sites. Peculiar in 

these measurements is that a signal located at 1440 cm-1, commonly assigned to physisorbed 

pyridine, remains visible, even after the TPD-IR measurement at high temperature to assess the 

Lewis acid strength.  

 

 

Figure 5.4. IR spectra of CeO2-FSP, CeO2-Cubes and CeO2-Rods after removal of physisorbed pyridine 
and subsequent TPD. 

 

The total Lewis acidity of CeO2-Cubes is low (7.8 μmol g-1) compared to both CeO2-FSP and 

CeO2-Rods (117 μmol g-1 and 70 μmol g-1, respectively). CeO2-FSP contains the most Lewis acid 

sites on a weight basis. However, if only the contribution of the signal at 1445 cm-1 is considered, 

CeO2-Rods contain only slightly more LAS on a weight base (44 μmol g-1 vs. 40 μmol g-1), and 
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more than double the amount when normalized by surface area (0.63 μmol m-2 vs. 0.26 μmol 

m-2).  

Water tolerance of the Lewis acid sites was evaluated by introducing water vapor and 

subsequent evacuation at 70 °C to remove excess vapor. Even for the rehydrated samples, bands 

of chemisorbed pyridine at 1445-1440 cm-1 and 1490 cm-1 appear with comparable intensities 

as observed for the fully dehydrated samples (Figure 5.5). These findings indicate that pyridine 

can still access the Lewis sites, even with water present. CeO2-FSP and CeO2-Rods stay relatively 

unaffected by the rehydration as their Lewis acid densities are comparable to the dehydrated 

samples. The total number of Lewis acid sites on CeO2-Cubes is significantly lower after 

rehydration, primarily due to the severe reduction of the 1440 cm-1 signal. The contribution of 

the 1445 cm-1 band, however, stays roughly the same. 

 

 
Figure 5.5. IR spectra of hydrated CeO2-FSP, CeO2-Cubes and CeO2-Rods after removal of physisorbed 

pyridine and subsequent TPD. 

 

The presence of different types of Lewis acid sites was evaluated by 31P NMR spectroscopy 

following a method described by Wang et al.[37] The authors used trimethylphosphine (TMP) 

as a probe which is highly sensitive to subtle differences in Lewis acid strength.[38] With 

increasing Lewis acidity, the more electron-withdrawing character induces a downfield shift of 

the 31P signal. Bands associated with Lewis acid sites are situated between -25 to -60 ppm. 

Although TMP is also suitable to probe Brønsted acid sites, it is less sensitive to differences and 

31P signals are between -2 to -5 ppm. Here, we use 31P NMR of adsorbed TMP in a qualitative 
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manner. The resulting NMR spectra in Figure 5.5 show a number of bands of which the peaks 

between -20 ppm and -30 ppm are the most relevant. Each sample shows two peaks in this 

regime, which shows that at least two different Lewis acid sites are present. In contrast, Wang 

et al. only found a single broad peak situated at -19.3 ppm, which they assigned to oxygen 

vacancies present in their ceria nanoparticles.[37] All our samples show a signal with a chemical 

shift of roughly -28.5 ppm, indicating that the associated Lewis acid site is nearly equal in 

strength and could be assigned to accessible Ce species. The other signal varies between -20 

ppm and -26 ppm in the order of CeO2-Cubes (-20 ppm), CeO2-FSP (-24 ppm) and CeO2-Rods 

(-26 ppm). Assuming this particular signal arises from the presence of oxygen vacancies, the 

relative strength could be governed by the local geometry and coordination number of the ceria 

surface site. Additionally, peak intensities show significant variations accounting absolute and 

relative LAS concentrations 

The bands at +37.5 ppm and +46.7 ppm are assigned to crystalline and physisorbed 

TMPO.[38,39] Although all handling prior to the NMR measurements was done in inert 

atmosphere, TMP is very easily oxidized to TMPO. Besides residual gaseous oxygen, it is also 

possible that the oxygen atoms of the ceria surface can oxidize TMP, especially during 

evacuation at elevated temperature. 

 

 
Figure 5.5. 31P NMR spectra of FSP, Cubes and Rods obtained after addition of TMP and removal of 

any excess by evacuation at 50 °C for 30 minutes. * indicates spinning sidebands. 
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The materials were loaded with gold, aiming at 2.5 wt%, via a previously reported 

homogeneous deposition precipitation method in which urea was thermally decomposed to 

raise the pH and precipitate gold hydroxide.[25,31] This method yielded the catalysts Auu/CeO2-

FSP, Auu/CeO2-Cubes and Auu/CeO2-Rods, the subscript u indicating urea-HDP as deposition 

method. The long contact time of 16 hours allows for deposition and redistribution of gold to 

form small nanoparticles of very uniform size.[25] The total gold content was determined by ICP. 

The chemical state of Au and Ce in the catalysts as well as Ce states of the ceria materials before 

impregnation were evaluated by XPS. These results are summarized in Table 5.2 and relevant 

XPS spectra are presented in Figure 5.6 for Ce and Figure 5.7 for Au. 

 

Table 5.2. Physico-chemical properties of gold-impregnated CeO2-FSP, CeO2-Cubes and CeO2-Rods.[a] 

Catalyst Au  Ce  

 Loading [b] Au0 Au+ Au3+ Aux+ Ce3+ Ce4+ Au/(Au+Ce) 

 wt% at% at% at% % [c] at% at% % 

CeO2-FSP - - -  - 6.9 93.1 - 

Auu/CeO2-FSP 2.7 0.56 0.07 0.05 17.6 18.4 81.0 0.68 

Auu/CeO2-FSPspent 1.0 0.73 0.07 0.07 16.1 10.0 89.2 0.87 

CeO2-Cubes - - -  - 4.5 95.5 - 

Auu/CeO2-Cubes 2.4 2.2 0.20 0.11 12.4 12.2 85.3 2.5 

Auu/CeO2-Cubesspent 1.2 1.5 0.11 0.09 11.8 10.5 87.7 1.7 

CeO2-Rods - - -  - 9.9 90.1 - 

Auu/CeO2-Rods 2.7 2.7 0.22 0.23 14.3 15.3 81.6 3.1 

Auu/CeO2-Rodsspent 2.5 2.6 0.25 0.17 13.9 6.9 90.0 3.0 

[a] Only surface contributions of Au and Ce are evaluated. 
[b] Measured by ICP. 
[c] Percentage of oxidized gold as fraction of total Au surface concentration. 

 

In all cases, the gold weight loading of the prepared materials is close to the targeted one of 

2.5 wt%. The contribution of Ce3+ is significantly increased after Au impregnation on all 

materials. The increase becomes more pronounced in the order of CeO2-Cubes < CeO2-Rods < 

CeO2-FSP. The reducibility of gold follows the same trend. An amount of 12% of the gold 
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remained oxidized on CeO2-Cubes, primarily as Au+ species. CeO2-Rods and CeO2-FSP 

contained, respectively, 14% and 18% oxidized gold, distributed evenly between Au+ and Au3+.  

In addition, the surface abundance of gold is significantly lower on CeO2-FSP than on 

CeO2-Cubes and CeO2-Rods, suggesting the presence of larger particles. This is interesting as 

the surface area of CeO2-FSP (135 m2 g-1) is much higher than CeO2-Cubes (28 m2 g-1). However, 

CeO2-FSP exposes a much less defective (111) surface on which gold might not anchor properly. 

Although CeO2-Rods exposes the same surface, it contains a lot of surface defects, which is 

expected to provide ample anchoring sites for gold.  

 

 
Figure 5.6. XPS fits of the Ce 3d region of bare CeO2-FSP, CeO2-Cubes and CeO2-Rods, and fresh and 

spent Auu/CeO2-FSP, Auu/CeO2-Cubes and Auu/CeO2-Rods, based on reported fitting models.[40] Ce 
3d5/2 and 3/2 components of Ce4+ and Ce3+ are indicated by solid red and blue lines respectively. 
Relevant shakeup and shakedown peaks are displayed as dashed and dotted lines. The asymmetry of 
the Ce4+ shakedown components is modelled with 2 constrained peaks.[41,42] Experimental data is 
represented as open circles and the fit by a black curve. Spent catalysts were recovered from oxidation 
of 10 wt% PDHMF. 
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Figure 5.7. Au 4f XPS spectra of fresh and spent Auu/CeO2-FSP, Auu/CeO2-Cubes and Auu/CeO2-Rods. 
The fits are composed of Au0 (red), Au+ (blue) and Au3+ (green).[43] Experimental data is represented 
as open circles and the fit by a black curve. Spent catalysts were recovered from oxidation of 10 wt% 
PDHMF. 

 

 
Figure 5.8. XRD diffractograms of bare CeO2-FSP, CeO2-Cubes and CeO2-Rods, and fresh and spent 

Auu/CeO2-FSP, Auu/CeO2-Cubes and Auu/CeO2-Rods. Top shows overall diffractograms, bottom 
displays a zoom-in of the metallic gold region. Spent catalysts were recovered from oxidation of 10 
wt% PDHMF. 
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The gold-impregnated samples were further evaluated by XRD and TEM. The crystal phase 

of the supports remains unchanged after deposition (Figure 5.8). Fresh Auu/CeO2-Cubes and 

Auu/CeO2-Rods did not display a peak in the metallic gold region (between 35° and 45° 2θ), 

whereas Auu/CeO2-FSP did, which confirms the low dispersion measured by XPS for this 

particular sample. Gold particles in Auu/CeO2-Rods were easily identifiable in bright-field TEM 

(Figure 5.9). Particle detection on Auu/CeO2-Cubes and Auu/CeO2-FSP was more challenging, 

so that the use of HAADF-STEM was necessary. Gold particle size in Auu/CeO2-Cubes and 

Auu/CeO2-Rods were, respectively, 3.1 nm +/- 0.2 nm and 4.2 nm +/- 0.3 nm. Gold particles on 

Auu/CeO2-FSP were significantly larger, on average 135 nm +/- 39 nm, far larger than the 

average ceria particle size the FSP material consists of. This confirms that proper deposition 

and dispersion on this material was unsuccessful.  

 

 
Figure 5.9. TEM and HAADF-STEM images of Auu/CeO2-FSP, Auu/CeO2-Cubes and Auu/CeO2-Rods 

accompanied by Au EDX maps where appropriate. 
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The activity of the prepared materials for aerobic oxidation of 5-HMF or PDHMF to FDCA 

was evaluated for dilute and concentrated substrate concentrations and compared to the results 

obtained by Kim et al. for a 2.1 wt% Au/CeO2 catalyst prepared by the NaOH DP method using 

JRC-CEO-2 (a CeO2 reference catalyst supplied by the Catalyst Society of Japan) as support. 

The results are listed in Table 5.3 and time courses for the evolution of FDCA from 1% PDHMF 

are provided in Figure 5.10. Although the prepared materials can produce FDCA to some 

degree from 5-HMF and PDHMF, it is clear that the catalyst prepared via the NaOH DP method 

is superior, independent of the nature or concentration of the substrate. When comparing the 

different supports, however, Auu/CeO2-Rods (entries 13-16) outperform both Auu/CeO2-FSP 

(5-8) and Auu/CeO2-Cubes (9-12). Auu/CeO2-Rods not only yields nearly the same amount of 

FDCA as the model catalyst, starting from 1% PDHMF (entries 3 and 15), it is also the most 

active nanostructured catalyst for the oxidation of a 10% PDHMF solution (entries 8, 12 and 

16). This suggests a possible advantage of using rods over JRC-CEO-2 when gold is deposited 

via the NaOH DP method. 

 

 
Figure 5.10. Time course plots for the aerobic oxidation of 1% PDHMF. Reagents and conditions: 

PDHMF (50 mg), catalyst (1 eq by mass. PDHMF/Au = 45), Na2CO3 (2.0 mol. equiv. to PDHMF), 
H2O (5 mL), O2 (0.5 MPa), 140 °C 
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Table 5.3. Catalytic activity of Au/CeO2 catalysts towards aerobic oxidation of 5-HMF or PDHMF. [a] 

# Catalyst Substrate Conc. Xsubst. YFDCA 

   wt% % % 

1 Au/JRC-CEO-2 [c] 5-HMF 1 > 99.9 91 [d] 

2   10 > 99.9 28 

3  PDHMF 1 > 99.9 95 [d] 

4   10 > 99.9 94 

5 Auu/CeO2-FSP 5-HMF 1 > 99.9 47 

6   10 > 99.9 6[e] 

7  PDHMF 1 > 99.9 67 

8   10 > 99.9 23[e] 

9 Auu/CeO2-Cubes 5-HMF 1 > 99.9 81 

10   10 > 99.9 10[e] 

11  PDHMF 1 > 99.9 86 

12   10 > 99.9 35[e] 

13 Auu/CeO2-Rods 5-HMF 1 > 99.9 83 

14   10 > 99.9 9[e] 

15  PDHMF 1 > 99.9 94 

16   10 > 99.9 45[e] 

[a] Reagents and conditions: 5-HMF or PDHMF (50 mg), catalyst (1 eq by mass. 5-HMF/Au = 62, 
PDHMF/Au = 45), Na2CO3 (2.0 mol. equiv. to 5-HMF or PDHMF), H2O (5 or 0.5 mL), O2 (0.5 
MPa), 140 °C, 15 h. 

[b] Combined yield of detectable furanic intermediates. 
[c] Adapted from ref [7]. 
[d] Performed with 0.2 mol. equiv. Na2CO3. 
[e] 18 hours of reaction time. 
 

The spent materials were characterized by XRD, HAADF-STEM, XPS, and ICP. 

Additionally, the reaction liquors were analyzed for any gold due to leaching from the catalyst. 

XRD (Figure 5.8) and HAADF-STEM analysis (Figure 5.11) show that the gold particles grow 

during the oxidation reaction (Table 5.4), while the ceria support remains mostly unaffected. 

Particle growth under reaction conditions has been observed before and literature suggests this 
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depends on the nature of the support, but to what extent and what other factors cause particle 

growth is unclear, nor whether this effect is limited to aqueous systems.[44–46]  

 

 
Figure 5.11. Representative HAADF-STEM images of spent Auu/CeO2-FSP, Auu/CeO2-Cubes, and 

Auu/CeO2-Rods, with corresponding EDX map used for oxidation of 10 wt% PDHMF. 

 

XPS results of the spent samples are summarized in Table 5.2 and Figure 5.6, relevant ICP 

data is displayed in Table 5.4. Concerning elemental analysis, it is obvious that all materials 

suffered various degrees of gold leaching. Auu/CeO2-FSP and Auu/CeO2-Cubes lost 66% and 

50% of their gold loading. Auu/CeO2-Rods is less affected, losing only 10% of the gold initially 

present. Also, the corresponding reaction liquors contained significant amounts of gold. The 

surface chemistry of the materials is affected in various ways as well. Although Auu/CeO2-FSP 

lost the largest amount of gold, the surface concentration and dispersion seem slightly 

increased, which may point to gold redistribution over the FSP ceria surface during the 

oxidation reaction. The reaction conditions also led to oxidation of the support as the surface 

abundance of Ce3+ was half of that of the fresh catalyst. Gold itself did not undergo major 
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oxidation or reduction, however. For Auu/CeO2-Cubes and Auu/CeO2-Rods, the surface 

abundance and dispersion of gold decreased somewhat as a result of particle growth and 

leaching. The amount of oxidized gold species did not change significantly on either material, 

nor did the Ce3+ surface concentration of CeO2-Cubes. In contrast, the surface abundance of 

Ce3+ strongly dropped for Auu/CeO2-Rods support, from 15% to 7%. 

 

Table 5.4. ICP results of fresh and spent catalysts, their average Au particle size and extent of gold 
leaching after aerobic oxidation of 10% PDHMF. 

Catalyst Loading [Au] [a] Dav,Au 

 wt% mg/L nm 

Auu/CeO2-FSP 2.7 - 135 +/- 39 

Auu/CeO2-FSPspent 1.0 6.6 140 +/- 14 

Auu/CeO2-Cubes 2.4 - 3.1 +/- 0.2 

Auu/CeO2-Cubesspent 1.2 7.6 21 +/- 3.8 

Auu/CeO2-Rods 2.7 - 4.2 +/- 0.3 

Auu/CeO2-Rodsspent 2.5 1.6 23 +/- 3.2 

[a] Gold concentration as found in reaction liquors. 

 

Next, CeO2-Rods was used to prepare a catalyst with a desired gold loading of 2 wt% 

analogous to the method reported by Kim et al., using NaOH to facilitate DP in order to 

elucidate the effect of the deposition method. The results obtained by physico-chemical 

characterization of this catalyst were compared to the results produced with Auu. ICP and 

quantitative XPS data are summarized in Table 5.5 and relevant XPS spectra are displayed in 

Figures 5.12 and 5.13. Surprisingly, this material contained significantly more gold than 

expected, 4.2 wt%, and was therefore labeled as 4AuN/CeO2-Rods, indicating the Au weight 

loading, the subscript N to highlight the deposition method. As underlined in the introduction, 

the gold uptake by the NaOH DP method varies significantly depending on the support. Clearly, 

also the morphology of the support has a major influence on the gold uptake. This is reflected 

in the much higher gold dispersion on 4AuN/CeO2-Rods (10 %) compared to Auu/CeO2-Rods 

(3 %), which cannot be explained merely by the difference in gold uptake (4.2 wt% Au vs. 2.7 
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wt% Au). Additionally, a much larger fraction of the gold on 2AuN/CeO2-Rods resides in an 

oxidized state: 23 % vs. 14 % for Auu/CeO2-Rods. This oxidized fraction primarily comprises 

Au+, whereas for Auu/CeO2, the amount of oxidized gold was distributed equally between Au+ 

and Au3+.  

 
Table 5.5. Physico-chemical comparison of CeO2-Rods impregnated with urea HDP and NaOH DP 

methods.[a] 

Catalyst Au  Ce  

 Loading [b] Au0 Au+ Au3+ Aux+ Ce3+ Ce4+ Au/(Au+Ce) 

 wt% at% at% at% % [c] at% at% % 

Au/JRC-CEO-2 2.1 2.5 0.00 1.3 35.2 7.5 88.8 3.8 

Au/JRC-CEO-2spent 2.1 1.9 0.43 0.16 23.6 4.2 93.3 2.5 

2AuN/CeO2-Rods 2.1 3.2 0.39 1.2 33.0 4.3 90.9 4.8 

2AuN/CeO2-Rodsred 2.1 3.8 0.28 0.19 11.1 7.8 87.9 4.2 

4AuN/CeO2-Rods 4.2 7.7 1.7 0.51 22.8 6.3 83.7 10.0 

4AuN/CeO2-Rodsspent 4.1 0.45 0.02 0.05 13.5 14.4 85.1 0.52 

[a] Only surface contributions of Au and Ce are evaluated. 
[b] Measured by ICP. 
[c] Percentage of oxidized gold as fraction of total Au surface concentration. 
 

A second batch of catalyst (labeled 2AuN/CeO2-Rods) was produced with an adjusted gold 

precursor concentration to end up with a final gold loading of 2 wt%. A portion of this material 

was chemically reduced per the procedure Corma et al. published, yielding 2AuN/CeO2-Rodsred, 

to study the effect of varying levels of oxidized gold on the overall activity. As such, the amount 

of oxidized gold species was significantly decreased by the reduction treatment, primarily at the 

expense of Au3+. The support was also slightly reduced by this treatment, marked by an increase 

in the amount of Ce3+ (Table 5.5).  
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Figure 5.12. XPS fits of the Ce 3d region of bare CeO2-FSP, CeO2-Cubes and CeO2-Rods, and fresh and 

spent Auu/CeO2-FSP, Auu/CeO2-Cubes and Auu/CeO2-Rods, based on reported fitting models.[40] Ce 
3d5/2 and 3/2 components of Ce4+ and Ce3+ are indicated by solid red and blue lines respectively. 
Relevant shakeup and shakedown peaks are displayed as dashed and dotted lines. The asymmetry of 
the Ce4+ shakedown components is modelled with 2 constrained peaks.[41,42] Experimental data is 
represented as open circles and the fit by a black curve. Spent catalysts were recovered from oxidation 
of 10 wt% PDHMF. 

 

 
Figure 5.13. Au 4f XPS spectra of fresh and spent Auu/CeO2-FSP, Auu/CeO2-Cubes and Auu/CeO2-Rods. 

The fits are composed of Au0 (red), Au+ (blue) and Au3+ (green).[43] Experimental data is represented 
as open circles and the fit by a black curve. Spent catalysts were recovered from oxidation of 10 wt% 
PDHMF. 
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Table 5.7. Catalytic activity of Au/CeO2 catalysts towards aerobic oxidation of 10 %PDHMF. [a] 

# Catalyst Gold loading t Xsubst. YFDCA YFFCA-acetal
 C.B.[b] 

  wt% h % % % % 

1 Au/JRC-CEO-2 0.87 15 > 99.9 43 37 80 

2  1.7 15 > 99.9 91 5 96 

3  2.1 15 > 99.9 94 3 97 

4 2AuN/CeO2-Rods 2.1 15 > 99.9 27 51 78 

5 2AuN/CeO2-RodsRed 2.1 15 > 99.9 90 3 93 

6 4AuN/CeO2-Rods 4.2 12 > 99.9 91 3 94 

7  4.2 15 > 99.9 96 1 97 

[a] Reagents and conditions: PDHMF (50 mg), catalyst (1 eq by mass. PDHMF/Au = 45), Na2CO3 (2.0 
mol. equiv. to 5-HMF or PDHMF), H2O (0.5 mL), O2 (0.5 MPa), 140 °C. 

[b] Carbon balance. 

 

These materials were tested in the aerobic oxidation of 10% PDHMF (Table 5.7). The results 

were evaluated against the results obtained for Auu/CeO2-Rods, the best performing catalyst of 

the urea-HDP series (Table 5.3), and to a set of Au/JRC-CEO-2 catalysts with gold loadings of 

0.9 and 1.7 wt%. From the three catalysts prepared via the NaOH-DP method, reduced 

2AuN/CeO2-Rods and 4AuN/CeO2-Rods severely outclassed Auu/CeO2-Rods, and 4AuN/CeO2-

Rods performed slightly better than 2.1 wt% Au/JRC-CEO-2. Unreduced 2AuN/CeO2-Rods did 

not perform so well. This underlines that the reduction treatment is beneficial to the activity, 

either from reduction of otherwise inactive Au3+ species or though the slight particle growth the 

treatment induced (Table 5.6). Concerning the NaOH-DP prepared materials, it appears that 

lower levels of gold impede the deprotection rate to some degree (Entries 1, 2, 4 and 5). This 

can be surmised from the high carbon balances and presence of large amounts of FFCA-acetal 

obtained after full oxidation of the hydroxyl site prior to acetal deprotection (Scheme 5.2). If 

the reverse were true (i.e. rate of deprotection >> rate of oxidation), the carbon balance would 

be much lower due to humin formation. The rate of oxidation is only affected after when the 

gold loading is reduced even further (Entry 1), surmised from the substantially lower carbon 

balance. 
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As with the set of catalysts prepared via urea HDP, XRD diffractograms (Figure 5.14) show 

that the support remains unaffected by gold deposition or chemical reduction and that large 

gold particles are absent. This was verified by TEM (Figure 5.15), giving an average gold particle 

size of 4.4 nm +/- 0.2 nm for 4AuN/CeO2-Rods. Unreduced and reduced 2AuN/CeO2-Rods have 

average gold particle sizes of 3.3 nm +/- 0.2 nm and 3.9 nm +/- 0.2 nm respectively. Also 

observed is that particle growth is unavoidable no matter what ceria nanostructure or 

preparation method is used. As with model Au/JRC-CEO-2, spent catalysts on nanostructured 

ceria display a lower amount of oxidized gold than their respective fresh material (Tables 5.2 

and 5.5). The exact reason is unclear, but it might be possible that Au3+ species on the surface 

are simply reduced during the various oxidation steps. 

 

Table 5.6. ICP results of fresh and spent NaOH-DP prepared catalysts and their average Au particle size 
and extent of gold leaching after aerobic oxidation of 10% PDHMF. 

Catalyst Loading [Au] [a] Dav,Au 

 wt% mg/L nm 

Au/JRC-CEO-2 [b] 2.1 - 5.2 +/- 0.8 

Au/JRC-CEO-2spent - - 18.0 [b] 

2AuN/CeO2-Rods 2.1 - 3.3 +/- 0.2 

2AuN/CeO2-RodsRed 2.1 - 3.9 +/- 0.2 

4AuN/CeO2-Rods 4.2 - 4.4 +/- 0.2 

4AuN/CeO2-Rodsspent 4.0 < 0.01 10.5 +/- 1.0 

[a] Gold concentration as measured in the reaction liquor. 

[b] Calculated with Scherrer equation. 

 

As mentioned earlier, another possibility for the variations in activity can be related to the 

average gold particle sizes, summarized in Tables 5.4 and 5.6. Kim et al. reported an average 

particle size of 5.2 nm for their successful catalyst. The most active catalysts prepared in this 

work, reduced 2AuN/CeO2-Rods and 4AuN/CeO2-Rods, had an average particle size of at least 

3.9 nm. Coupled to the fact that Au/JRC-CEO-2 could successfully be used for several cycles 

without loss of activity, this provides significant evidence for a minimum required particle size. 
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As such, the reaction likely depends on presence of a particular facet only formed on particles 

of a certain size.[26] Another basis for this hypothesis found in literature is the work of Moreau 

and Bond discussing the preparation and reactivation of titania-supported gold, who speculated 

on a correlation between the temperature at which 50% conversion was reached versus the gold 

particle size.[47] 

 

 

Figure 5.14. XRD diffractograms of fresh and spent catalysts. Top shows overall diffractograms, bottom 
displays a zoom-in of the metallic gold region. Spent catalysts were recovered from oxidation of 10 
wt% PDHMF. 

 



 
 
 
 
Chapter 5 

P a g e  ♦ 116 
 
 
 
 

 

Figure 5.15. Representative TEM and HAADF-STEM images, with corresponding EDX map, of fresh 
reduced and unreduced 2AuN/CeO2-Rods, and fresh and spent 4AuN/CeO2-Rods. Spent catalyst was 
recovered from oxidation of 10 wt% PDHMF. 

5.4 Conclusions 

Several types of nanostructured ceria supports were successfully prepared, which were initially 

loaded with gold nanoparticles using urea-DP. Urea-DP looked attractive at first sight due to 

more efficient gold uptake and easier particle size control. However, the spent catalysts showed 

significant gold leaching and low performance. Nevertheless, the results hinted at rod-shaped 

ceria being the preferred morphology in terms of activity. Highly active ceria nanorods-

supported gold catalysts were obtained after NaOH DP, which showed no significant gold 

leaching. This material outperformed the model catalyst as prepared by Kim et al. for oxidation 

of both diluted and concentrated PDHMF solutions. It must be mentioned, however, that this 

catalyst contained 4 wt% gold, compared to 2 wt% of the model catalyst Au/JRC-CEO-2. Since 

this catalyst was produced analogous to the procedure reported by Kim et al. and the group of 

Corma, this showed that gold has a high affinity for the ceria nanorods morphology. This 
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material otherwise behaved similar as the other prepared catalysts in that spent materials always 

displayed signs of particle growth and contained substantially higher levels of Au0 compared to 

the fresh catalysts. When comparing the average particle sizes of the fresh materials, it seems 

that there is a certain threshold regarding minimum particle size to produce an effective 

catalyst. Both reduced 2AuN/CeO2-Rods and 4Auu/CeO2-Rods have gold particle sizes greater 

than 3.9 nm. As such, the increased performance of reduced 2AuN/CeO2-Rods over its 

unreduced parent material might not be the reduction process per se, but the effect it had on 

the particle size. This hypothesis is supported by the work of Kim et al. Although their material 

(Au/JRC-CEO-2) also suffered from gold particle growth, they were able to recycle the catalyst 

several times without activity loss. 
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Chapter 6 
Selective hydrogenation of 5-hydroxymethylfurfural to 2,5-bis(hydroxymethyl) 

furan using supported rhenium-promoted nickel catalysts in aqueous medium 

 

Abstract 

Building a biobased economy requires restructuring the chemical industry in such a way that it 
is based on renewable carbon instead of fossil fuels. Atom-efficient and scalable approaches 
need to be developed to convert biomass-derived platform molecules into value-added 
compounds. 5-Hydroxymethylfurfural (5-HMF), which can be derived from lignocellulosic 
biomass, plays a critical role in this transition. The high reactivity of its formyl group is 
problematic, because it leads to undesired oligomerization reactions, decreasing the yield of the 
desired product. This is usually countered by working in dilute non-aqueous solutions. Here, 
we present a novel approach to convert concentrated aqueous solutions of 5-HMF to 2,5-
bishydroxymethylfuran (BHMF), which is a prospective monomer for polyesters and self-
healing polymers. Our approach is based on the protection of the formyl group of 5-HMF using 
acetalization with 1,3-propanediol. Hydrogenation is carried out at a carefully controlled pH, 
resulting in balanced rates of deprotection and hydrogenation and high BHMF yield.  
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6.1 Introduction 

Climate change is a main driver for the decarbonization of the energy industry. Chemical 

industry cannot decarbonize like the energy sector, as materials are mostly based on carbon. 

Therefore, there is a great need to substitute or supplement petroleum-based feedstock of the 

chemical industry by renewable sources.[1–3] Lignocellulosic biomass is considered a treasure 

trove of industrially relevant chemicals, accessible through digestion to a selection of small 

compounds called platform molecules.[4,5] Among a variety of platform molecules, 5-

hydroxymethylfurfural (5-HMF) is especially important, as it can be obtained by acid-catalyzed 

dehydration of hexoses, which form a dominant part of lignocellulose.[6,7] 

 

 
Figure 6.1. Overview of reaction pathways of cellulosic biomass to value-added compounds involving 

5-HMF as platform intermediate. 

 

From a chemical point of view, 5-HMF is interesting because it possesses aldehyde and 

alcohol functionalities as well as a rigid unsaturated furan ring. As a result, it can be converted 

to many high value-added compounds (Figure 6.1). Especially, oxidation to 2,5-

furandicarboxylic acid (FDCA) is currently at the center of the attention, because it can be used 
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as a monomer for the production of polyethylene 2,5-furandicarboxylate, a biobased analogue 

of polyethylene terephthalate (PET).[8–10] Two other prospective monomers can be obtained 

from 5-HMF by hydrogenation, namely 2,5-bis(hydroxymethyl)furan (BHMF) and 2,5-

bis(hydroxymethyl) tetrahydrofuran (BHMTHF). Both diolic monomers can be used to 

produce polyesters, but have other uses as well. BHMTHF has received most attention, because 

it can be ring-opened, establishing a biorenewable route to 1,6-hexanediol which is currently 

obtained from fossil resources and used at a large scale in the production of plastics.[11,12] BHMF 

is more difficult to obtain, but interesting as a monomer for thermosets and self-healing 

polymers because of its two conjugated double bonds.[13,14] 

Hydrogenation of 5-HMF has been studied intensively using heterogeneous catalysts, which 

are usually based on one or more platinum group metals (PGMs), yielding products such as 

BHMF, BHMTHF, and/or ring-opened, deoxygenated and decarbonylated products depending 

on the harshness of the conditions employed.[15] Generally, polar solvents such as alcohols, 

tetrahydrofuran and 1,4-dioxane are used, as 5-HMF is rapidly degraded in water due to the 

high reactivity of the formyl group. For the same reason, the concentration of 5-HMF typically 

has to be limited, which implies higher solvent recycle and cost in a practical implementation. 

From a green chemistry point of view, the hydrogenation of 5-HMF is preferentially carried out 

in water. These effects combined make efficient BHMF production very challenging, as the 

necessity for short reaction times in order to combat 5-HMF degradation requires elevated 

temperatures and high H2 pressure, which easily leads to over-hydrogenation. 

Recent literature has shown that rhenium-promoted iridium, palladium and platinum are 

excellent catalysts for the selective hydrogenation of aldehydes, carboxylic acids and esters. The 

oxophilic nature of rhenium promoter helps to activate polar bonds and improves the reaction 

rate of the expensive PGM active phase.[16–19] However, escalating prices of and increasing 

demand for PGMs inspired us to look for cheaper, non-critical metals capable of efficient 

hydrogenation. These scarcity aspects are less pressing for rhenium. Herein, we present an 

approach to convert 5-HMF in high yield to BHMF in water using a heterogeneous catalyst 

based on an earth-abundant metal like nickel using rhenium as a promoter. To achieve 
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practically interesting yields in water, we protect the formyl group of 5-HMF by acetalization 

with 1,3-propanediol, another biobased platform chemical. Direct oxidation of the acetal form 

of 5-HMF, propanediol-HMF (PDHMF), is possible and provides an attractive route to obtain 

FDCA and its carboxylates in high yield from concentrated solutions.[8,20] However, direct 

hydrogenation of an acetal is not possible and requires deprotection prior to hydrogenation.[21] 

This difference is elaborated in Figure B1. The innovation in the present work is the balancing 

of the deprotection rate of PDHMF by control of the pH and the hydrogenation rate of in situ 

liberated 5-HMF to maximize the BHMF yield and avoid undesirable humin formation even in 

a concentrated solution. This approach is generic and can be applied to other reactions in which 

biobased platform molecules that often carry a reactive formyl moiety need to be converted. 

6.2 Experimental methods 

6.2.1 Chemicals 

TiO2 (P25) was procured from Degussa. Nickel nitrate hexahydrate (Ni(NO3)2.6H2O, ≥98.5%), 

perrhenic acid (HReO4, 75-80 wt% aqueous), 5-hydroxymethylfurfural (5-HMF, ≥99%), 5-

acetoxymethyl furfural (5-AcOMF, 99%), 1-butanol (1-BuOH, 98%) 1,3-propanediol (PDO, 

98%) In(OTf)3 (99%), anhydrous magnesium sulfate (MgSO4, ≥99.5%), sodium carbonate 

(Na2CO3, ≥99.5%), sodium hydroxide (NaOH, ≥98%), activated neutral alumina, and CDCl3 

(99.96% deuterated, silver stabilized) were purchased from Sigma Aldrich. 2,5-

bis(hydroxymethyl)furan (BHMF, 95%) was acquired from Wako Pure Chemical Industries 

Ltd. 2,5-bis(hydroxymethyl) tetrahydrofuran (BHMTHF, 95%) was obtained from Carbosynth. 

Ethanol (99.9%), dichloromethane (DCM, extra dry, 99.9%), and ethyl acetate (99.8%) were 

bought from Biosolve. All chemicals were used without further purification. 

6.2.2  Catalyst preparation 

All supported catalysts were prepared by wet-impregnation with quantities listed per gram of 

catalyst. Metal loading of Ni/TiO2 and Re/TiO2 was fixed at 0.5 mmol/g support, resulting in 

weight loadings of respectively 3 wt.% and 9.5 wt.%. Nickel loading of bimetallic NiRex catalysts 



 
 
 

Selective hydrogenation of 5-hydroxymethylfurfural to 2,5-bis(hydroxymethyl)furan 
using supported rhenium-promoted nickel catalysts in aqueous medium 

P a g e  ♦ 125 
 
 
 
 

was equally fixed at 3 wt.%. x denotes the intended Ni:Re atomic ratios of 0.5, 1 and 2, bringing 

the weight loading of Re on these materials to 4.8 wt.%, 9.5 wt.% and 19 wt.% respectively. 

In a typical procedure HReO4 (40-159 μL) was added to a 5 mL aqueous solution of 

Ni(NO3)2.6H2O (148.6 mg). The appropriate amount of TiO2 was added slowly and the resulting 

paste was homogenized for three hours after which the water was evaporated at 85 °C. The 

catalysts were dried further at 110 °C under vacuum, thoroughly ground in an agate mortar and 

sieve fractioned (125-500 μm). The catalysts were reduced under a flow of 10% H2/He (100 

mL/min) whilst heating at ramp rate of 2 °C/min to final temperatures of 300 °C for Ni/TiO2 

and NiRex/TiO2, and 250 °C for Re/TiO2 to prevent loss of volatile ReOx species. Final 

temperatures were maintained for 3 hours in all cases. Since all catalysts share the same support 

(TiO2), they will be referred to by the metals present and ratio when appropriate for the sake of 

brevity. 

PD-HMF was prepared according to a procedure developed by Kim et al.[8] Briefly, a catalytic 

amount of In(OTf)3 (101 mg, 0.18 mmol, 0.015 eq) was added to a stirred solution of 1,3-PDO 

(3.07 mL, 3.20 g, 42.0 mmol, 3.5 eq), TMOF (2.63 mL, 2.55 g, 24 mmol, 2.0 eq) and 5-AcOMF 

(2.02 g, 12.0 mmol) in DCM (120 mL). The mixture was left stirring for 18 hours at room 

temperature and then filtered through a plug of neutral alumina, followed by vacuum 

evaporation of the solvent. The residue was dissolved in a mixture of H2O (150 mL) and ethanol 

(50 mL) to which Na2CO3 (3.82 g, 36 mmol, 3.0 eq) was added. The solution was stirred at room 

temperature for 6 hours. Ethanol was then removed by vacuum evaporation and the water layer 

was extracted repeatedly by ethyl acetate. The combined organics were dried over MgSO4 and 

ethyl acetate was removed by evaporation. The resulting pale-yellow oil was concentrated 

further under high vacuum, yielding PD-HMF as product. 1H NMR spectra were recorded on 

a Bruker Avance III HD.  

 

(5-(1,3-dioxan-2-yl) furan-2-yl)methanol (PDHMF): 1H NMR (400 MHz, 
CDCl3): 6.39 (d, 1H), 6.27 (d, 1H), 5.56 (s, 1H), 4.60 (s, 1H), 4.25 (m, 2H), 3.95 
(m, 2H), 2.24 (m, 1H), 1.45 (m, 1H) 
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6.2.3 Characterization 

Elemental analysis was performed on a Spectroblue EOP ICP optical emission spectrometer 

with axial plasma viewing, equipped with a free-running 27.12 MHz generator operating at 

1400 W. Prior to the measurement, the samples were digested in mixtures of concentrated 

HNO3 and H2SO4 (2:5 parts by volume) and heated to 250 °C until full dissolution was observed. 

X-ray photoelectron spectroscopy (XPS) was conducted on a Thermo Scientific K-alpha 

equipped with a monochromatic small-spot X-ray source and a 180° double focusing 

hemispherical analyzer with a 128-channel detector. Initial pressure was 8·10-8 mbar or less 

which increased to 2·10-7 mbar due to the active argon charge compensation dual beam source 

during measurement. For a typical sample preparation, freshly reduced catalyst was pressed 

down on carbon tape supported by an aluminium sample plate under inert atmosphere. The 

inert conditions were retained by using a vacuum transfer module. Spectra were recorded using 

an Al Kα X-ray source (1486.6 eV, 72 W) and a spot size of 400 μm. Survey scans were taken at 

a constant pass energy of 200 eV, 0.5 eV step size, region scans at 50 eV constant pass energy 

with a step size of 0.1 eV. XP spectra were calibrated to the C-C carbon signal (284.8 eV) 

obtained from adventitious carbon and deconvoluted with CasaXPS. The peak areas thus 

obtained were used to estimate surface chemical composition. 

Temperature programmed reduction (TPR) plots were recorded on a Micromeritics 

Autochem II 2920. Powdered catalyst (100 mg - 150 mg) was loaded between two quartz wool 

plugs in a quartz glass U-tube. Samples were pretreated in a 10 mL/min He flow at 130 °C for 2 

hours to remove physisorbed water and other adsorbates. TPR was then performed in a 50 

mL/min flow of 4% H2 in N2 in a temperature range of 50 °C to 750 °C, 10 °C/min. 

CO chemisorption data was obtained from a Micromeritics ASAP 2020 to determine the 

number of active sites. Powdered catalyst (100 mg - 150 mg) was loaded between two quartz 

wool plugs in a quartz glass U-tube. Prior to measurement, the samples were reduced in situ at 

200 °C for 4 hours, ramp rate 2 °C/min in a flow of pure H2. CO chemisorption was then 
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performed at 35 °C. Active sites were determined by extrapolating the linear part of the isotherm 

to the ordinate. 

6.2.4 Catalyst activity measurements 

All hydrogenation experiments were conducted in 10 mL autoclaves equipped with a gas 

delivery system, and Teflon insert and magnetic stirring bar. The autoclaves were loaded with 

appropriate amounts of substrate (20 mg, 200 mg or 400 mg) and catalyst (10 mg or 100 mg) in 

a glovebox. Premixed solutions of Na2CO3 in degassed water (2.0 mL) and internal standard 1-

butanol (1 uL) was added externally through a septum in order to retain the inert atmosphere 

in the autoclave. The autoclaves were then flushed 6 times with H2 or N2 prior to pressurizing 

the vessel to the desired pressure (5 MPa). Stirring was provided by a magnetic stirring plate set 

to 750 rpm and the autoclaves were heated to the appropriate temperature with a band heater 

connected to a programmable controller (Eurotherm 2408). Heating and stirring were stopped 

after completion of the reaction and pressure was released carefully. Catalyst was separated by 

centrifugation and the reaction liquor was analyzed by an Interscience Focus GC-FID over a 

Stabilwax-DA column (30 m x 0.53 mm I.D., df = 1.00 μm). Product quantification was based 

on mass response factors determined by five-point calibration lines of commercial compounds, 

referenced to 1-BuOH as internal standard. PDHMF calibration was performed using the as-

synthesized compound. Conversions, yields and selectivities were calculated per Equations 2.2 

– 2.4 and converted to percentages where appropriate. 

6.3 Results and Discussion 

To address PGM scarcity, we evaluated nickel catalysts for the hydrogenation of 5-HMF. 

Titania is a useful support in this kind of catalytic chemistry, as it can improve the 

hydrogenation performance of supported metals with respect to aldehydes, carboxylic acids and 

esters.[22–24] We prepared a range of nickel-rhenium catalysts supported on titania by 

straightforward wetness impregnation followed by drying and reduction. Physico-chemical 

characterization data can be found in Appendix B and Tables B1 and B2, and Figures B2 and 

B3. The resulting materials will be denoted by the supported metal(s) for the sake of brevity. 
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Under benign conditions (5-HMF, 20 mg; H2O, 2 mL; catalyst, 10 mg (molar ratio 5-HMF/Ni 

= 31); temp., 40 °C; PH2, 5 MPa; time, 4 hours), the nickel-containing catalysts can almost 

completely convert 1 wt.% 5-HMF in water into BHMF and BHMTHF, and their selectivities 

depend on the metal combination (Figure 6.2). Ni and NiRe0.5 primarily produce BHMF, while 

NiRe1 and NiRe2 are significantly more selective to BHMTHF. Re is poorly active in comparison 

to others and only produces BHMF.  

The detailed discussion of the mechanism is provided in Appendix B. Briefly stated however, 

nickel and rhenium provide the formyl hydrogenation functionality but little or no ability for 

ring-hydrogenation. Ring hydrogenation by nickel is greatly enhanced in the presence of 

rhenium promoter, when the atomic Re to Ni ratio exceeds 0.5. The difference among Ni, Re 

and NiRex catalysts towards hydrogenation of the formyl group and the furan ring can most 

likely be attributed to the activation behavior of 5-HMF and BHMF. Ni and Re sites of Ni and 

Re catalysts only activate the formyl group of 5-HMF, which leads to selective BHMF formation 

(Figure B4, blue box). In contrast, both the furan ring and the formyl group in 5-HMF can be 

stabilized simultaneously on NiRex bimetallic catalysts with a high Re loading (Re/Ni atomic 

ratio > 0.5), thus promoting the hydrogenation of both of these functional groups, producing 

predominantly BHMTHF over NiRe1 and NiRe2 catalysts (Figure B4, yellow box).  

Control experiments using BHMF gave us an important insight for these reaction 

mechanisms (Table B3). Ni, Re and NiRe1 catalysts are inactive for ring-hydrogenation of 

BHMF at 40 °C in a diluted solution (1 wt.%), whereas NiRe1 bimetallic catalyst can promote 

hydrogenation of both the furan ring and the formyl group in 5-HMF under the same reaction 

conditions, yielding BHMTHF (Figure 6.2). Therefore, the interaction of the formyl group in 

5-HMF with oxophilic Re site could induce additional interaction between the furan ring and 

active Ni site of NiRe1, which leads to simultaneous hydrogenation of these two functional 

groups. Due to a lower affinity of the furan ring with both Ni and Re species, the interaction 

between the nucleophilic oxygen atom in the formyl group and oxophilic Re promoter present 

in close proximity with active Ni can be identified as the main driving force for ring-
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hydrogenation. One exception is noted during a high-temperature reaction: direct ring-

hydrogenation of BHMF with NiRe1 can be achieved at 90 °C (Table B3). 

 

 

 
Figure 6.2. Evaluation of titania-supported Ni, NiRex and Re catalysts in the hydrogenation of aqueous 

1 wt.% 5-HMF solutions. 

 

In order to develop a more efficient process for BHMF production with high productivity, 

we next increased initial 5-HMF concentration to 10 wt.% and conducted the reactions without 

changing other parameters including reaction temperature, catalyst weight, hydrogen pressure, 

and so on. This means that the reactions were carried out at a ten-fold ratio of substrate to 

catalyst (5-HMF/Ni). Table B4 summarizes the activities in the hydrogenation of 10 wt.% 5-

HMF solution (5-HMF, 200 mg; H2O, 2 mL; catalyst, 10 mg (molar ratio 5-HMF/Ni = 310); 

temp., 40 °C; PH2, 5 MPa; time, 4 hours). A drastic increase in 5-HMF/Ni ratio to 310 resulted 

in a decrease in the activities of all catalysts (entries 1, 2, 3, 5, and 8) compared to those at 5-

HMF/Ni ratio of 31 in Figure 6.2. Monometallic Ni and Re showed lower activity than 

bimetallic catalysts with respect to 5-HMF conversion and BHMF yield, and NiRe2 catalyst 

showed the highest activity (45.6% of BHMF yield at 53.8% of 5-HMF conversion) among the 

catalysts tested.  

Interestingly, NiRe1 and NiRe2 gave only BHMF in concentrated 5-HMF solution 

(hydrogenation limited to the formyl group), while simultaneous hydrogenation of the furan 



 
 
 
 
Chapter 6 

P a g e  ♦ 130 
 
 
 
 

ring and the formyl group leading to BHMTHF was predominant in diluted 5-HMF solution 

(Figure 6.2). This tendency for no-BHMTHF formation did not change even after the increase 

of the 5-HMF/Ni ratio to 31 in a NiRe2-catalyzed reaction, but in this case an acceptable BHMF 

yield (83.3%) was obtained at full 5-HMF conversion (97.2%) (entry 7). We hypothesize this 

change is due to the molecular orientation of adsorbed 5-HMF on the surface of NiRe1 and 

NiRe2 in concentrated solution. Interaction of the furan ring with the active Ni sites is limited 

due to steric hindrance, i.e. when the NiRex surface is fully covered with 5-HMF and/or BHMF 

in concentrated solution. This prevents the formation of BHMTHF by simultaneous 

hydrogenation of the furan ring and the formyl group (Figure 6.3). 

 

 
Figure 6.3. Proposed 5-HMF orientations in dilute (1 wt.%) and concentrated (10 wt.%) solutions over 

NiRe1 and NiRe2 bimetallic catalysts. 

 

The reaction time can be shortened by increasing the reaction temperature; however, a high 

temperature reaction at 90 °C using NiRe1 is not efficient for BHMF formation because of the 

simultaneous hydrogenation of furan and formyl functionalities, resulting in a moderate 

BHMTHF yield (34.5%) (entry 4). It should be noted that carbon balances for entries 1, 2, 3, 5, 

7, and 8 of Table B4 are in the 84-88% range, which is significantly lower than those in the 97-

99% range obtained from the hydrogenation of 1 wt.% 5-HMF solution (Figure 6.2). Low 

carbon balances can be explained by the formation of undesired humin oligomers in 

concentrated aqueous solutions of 5-HMF, which was also evident from the yellow coloration 

of reaction mixtures and the formation of a brown solid residue (insoluble humins), even 

without catalyst or in the presence of the bare titania support. These humins frequently block 



 
 
 

Selective hydrogenation of 5-hydroxymethylfurfural to 2,5-bis(hydroxymethyl)furan 
using supported rhenium-promoted nickel catalysts in aqueous medium 

P a g e  ♦ 131 
 
 
 
 

active sites and decrease the original activity in re-use experiments: therefore, we conclude that 

the hydrogenation of concentrated 5-HMF solution with NiRe bimetallic catalysts is not 

applicable for efficient BHMF production. 

We extended 5-HMF hydrogenation using NiRe bimetallic catalysts to PDHMF and aimed 

for a more sophisticated BHMF process. Initial screening using 10 wt.% PDHMF was 

performed in pH-neutral environment in order to facilitate the required deprotection. The 

results are summarized in Table 6.1. The strategy worked very well as we were able to reach 

high conversion of both our protected 5-HMF (as PDHMF) and 5-HMF itself, which is now 

considered an intermediate. The bimetallic catalysts outperform both Ni/TiO2 and Re/TiO2 

monometallic catalysts, which produce only small amounts of hydrogenated products. The 

bimetallic materials themselves are very selective to BHMF and only small amounts of 

BHMTHF are produced in all cases. However, we do observe a decaying trend in both carbon 

balance and 1,3-propanediol (PDO) recovery. Peculiar here is that the selectivities to the 

hydrogenation products are very similar even with decaying carbon balances. However, a viable 

explanation is that rhenium oxides tend to be Brønsted acidic or, alternatively, Brønsted acid 

sites can be generated from metallic rhenium in contact with water, which yields acidic hydroxyl 

species due to the oxophilicity of rhenium.[25–27] It is therefore possible that higher levels of 

rhenium will increase deprotection rates as acetals are acid labile. This makes the deprotected 

5-HMF vulnerable to degradation, a process which itself is amplified by higher levels of 

Brønsted acidity. Additionally, PDO by itself does not degrade when in contact with catalyst, 

although up to 35% of the PDO deteriorates during hydrogenation of 5-HMF (Table B5). This 

indicates that PDO can form side-products with 5-HMF and BHMF when exposed to elevated 

levels of Brønsted acidity. 
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Table 6.1. Evaluation of Ni, NiRex and Re catalysts in the hydrogenation of aqueous 10 wt.% PDHMF 
solutions. [a] 

Catalyst XPDHMF Y5-HMF YBHMF YBHMTHF C.B. [b] PDO rec [c] 

% % % % % % 

Ni 98.3 57.5 18.7 < 0.1 78.0 93.8 

NiRe0.5 94.4 8.5 78.7 5.0 97.8 91.8 

NiRe1 94.7 4.5 77.1 4.7 91.7 83.0 

NiRe2 99.2 1.1 78.8 6.1 87.4 76.5 

Re 98.2 66.5 5.87 < 0.1 74.7 92.3 

[a] Reagents and conditions: Catalyst (10 mg), PDHMF (200 mg, molar ratio PDHMF/Ni = 213), H2O 
(2 mL), 1-butanol (1 μL), H2 (5 MPa), 40 °C, 4 hours, 750 rpm 

[b] Carbon balance 
[c] PDO recovery presented as a sum of unreacted PDHMF and free 1,3-propanediol. PDO originates 

from deprotection of PDHMF during the course of the reaction. It is excluded from the carbon 
balance. 

 

The screening above showed that NiRe0.5 is the preferred catalyst to produce BHMF, as it 

combines a decent BHMF selectivity with very good carbon balance and PDO recovery. 

However, a fair amount of 5-HMF is also recovered, which means the rate of deprotection is 

too high. This is not optimal as this liberated 5-HMF can still engage in side-reactions. As acetal 

stability depends on the alkalinity of the solution, the rate of deprotection can be controlled by 

careful adjustment of the pH. We tested the addition of various amounts of Na2CO3 to the 

reaction liquor, expressed as equivalents (eq.) to PDHMF. The results are summarized in Figure 

6.4 and complete data is provided in Table B6. The influence of base is significant. At 0.1 eq. of 

Na2CO3, we were only able to reach a PDHMF conversion of 53%. No trace of 5-HMF was 

found, meaning that any liberated 5-HMF is immediately hydrogenated, but the yields of 

BHMF and BHMTHF were very low.  

Curiously, we discovered the emergence of an unexpected side-product at high Na2CO3 eq., 

which we identified as the 1,3-propanediol acetal of 5-hydroxymethyltetrahydrofuran 

(PDHMTHF) by NMR (Table B6 and Figure B5). It appears that under these conditions, ring 

hydrogenation is possible but not preferred due to low conversion; this is in contrast to our 
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verification experiments to hydrogenate pure BHMF (Table B3). Therefore, the high stability 

of the acetal group towards deprotection at higher pH suppressed deprotection, which makes 

the reactive formyl group available and, consequently, led to gradual and direct ring-

hydrogenation of PDHMF to PDHMTHF. We conducted the hydrogenation of 5-HMF in the 

presence of Na2CO3 (0.5 eq.) as a control experiment (Table B4, entry 6) in order to clarify the 

effect of Na2CO3 on ring-hydrogenation of 5-HMF. Compared to the result without addition of 

Na2CO3 (entry 5), BHMTHF selectivity was not increased, although the BHMF yield was 

significantly improved (73%, Table B4, entry 6). The carbon balance was negatively affected, 

dropping from 85% to 74%, which indicates that addition of base did not suppress degradation 

of 5-HMF. 

From 0.1 to 1·10-3 eq. Na2CO3, the conversion remained relatively stable, but formyl 

hydrogenation is gradually favored over furan ring hydrogenation as we could observe 

increasing BHMF and decreasing PDHMTHF yields. This indicates how sensitive the acetal is 

to the pH, which only drops from 11.2 to 10.7 over this range. Near-full conversion was 

achieved (>99%) by lowering the amount of Na2CO3 even further to 1·10-3 eq., which also 

significantly increased the BHMF yield (89%). The small amount of base was, however, still able 

to mediate the deprotection rate as far less 5-HMF was recovered, compared to the uncontrolled 

reaction. This translated in a slightly higher carbon balance.  
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Figure 6.4. Conversion and product distribution as function of Na2CO3 equivalencies for the 
hydrogenation of aqueous 10 wt.% PDHMF solutions using NiRe0.5 as catalyst. 

 

Tuning the acetal deprotection rate to the rate of hydrogenation is paramount to obtain high 

conversion and optimal BHMF yield and selectivity. To gain more insight in these rates, we 

conducted a kinetic study at 2 different Na2CO3 eq. The results are presented in Figures 6.5(a) 

and 6.5(b). For the optimized amount of base (1·10-3 eq. Na2CO3, Figure 6.5(a)), PDHMF is 

gradually deprotected over the entire duration of the reaction and liberated 5-HMF is almost 

immediately consumed. After 3 hours, the rate of hydrogenation starts to lag behind the 

deprotection rate as the amount of free 5-HMF approaches 8%. However, at this point nearly 

80% of the PDHMF is consumed, allowing the hydrogenation rate to catch up again and, after 

4 hours, PDHMF is fully consumed and about 1% of 5-HMF remains. BHMF hydrogenation 

under these conditions is very unfavorable, as already mentioned, and this explains the very 

high BHMF selectivity. Removal of the catalyst after 2 hours of reaction ceases production of 

BHMF, confirming the heterogeneous nature of the reaction.  

A higher base amount of Na2CO3 (0.05 eq.) significantly attenuates the PDHMF conversion 

rate (Figure 6.5(b)). BHMF and BHMTHF yields are almost negligible and no 5-HMF is 

produced. Instead, the main product is PDHMTHF, formed by ring hydrogenation of PDHMF. 



 
 
 

Selective hydrogenation of 5-hydroxymethylfurfural to 2,5-bis(hydroxymethyl)furan 
using supported rhenium-promoted nickel catalysts in aqueous medium 

P a g e  ♦ 135 
 
 
 
 

Here, we can conclude that furan ring hydrogenation can occur even when the acetal is still 

present. However, this reaction is not preferred and no acetal deprotection occurs, even after 

the ring has been hydrogenated as neither BHMTHF or 5-HMTHF were detected. In absence 

of H2, PDHMF conversion is very low and 5-HMF is in equilibrium with PDHMF (Figure B6). 

Initially, the amount of 5-HMF recovered vs. the amount of converted PDHMF is fairly similar. 

However, after 4 hours, we can see the 5-HMF yield leveling off, suggesting formation of side-

products. 

 

Figure 6.5. Time courses of BHMF formation from PDHMF with NiRe0.5 using (a) 1·10-3, and (b) 5·10-2 
eq. Na2CO3. Lines provide guidance for the reader’s eye. Reagents and conditions: Catalyst (10 mg), 
PDHMF (200 mg, molar ratio 5-HMF/Ni = 214), H2O (2 mL), 1-butanol (1 μL), H2 (5 MPa), 40 °C, 
750 rpm. Dashed line and transparent symbols (a) show BHMF yield after catalyst removal. 

 

Figure 6.6 shows the proposed reaction pathway. The acetalization reaction is an 

equilibrium reaction. Deprotection of PDHMF proceeds gradually under optimized conditions 

as shown in Figure 6.5(a). Although weakly Brønsted acidic hydroxyls and Lewis acid sites on 

the surface also contribute to deprotection steps, we expect that the rates for initial and second 

hydrolysis steps, giving hemiacetal of PDHMF and bare 5-HMF, are strongly dependent on the 

pH of the reaction mixture. The concentrations of these three compounds approach an 

equilibrium under the reaction conditions as confirmed in Figure B6, when no hydrogenation 

takes place in the absence of H2. However, the concentration of PDHMF decreases in the course 

of the hydrogenation reaction, because 5-HMF is now involved in the hydrogenation. In theory, 

(a) (b) 
O

HO

O

O

O
HO OH

O
HO O

O
HO

O

O

O
HO OH



 
 
 
 
Chapter 6 

P a g e  ♦ 136 
 
 
 
 

an attack from a hydride species (depicted in gray) can break the C-O bond of the hemiacetal 

but (hemi)acetals are only very weakly electrophilic, so this reaction is very unlikely; therefore, 

hydrogenation of bare 5-HMF can be determined as a main path for efficient BHMF formation. 

Due to a short life time of bare 5-HMF and high stability towards hydrogenation with NiRe0.5 

catalyst, most of 1,3-propanediol used as protecting reagent can be recovered after the reaction 

and used repeatedly for subsequent reactions. 

 
Figure 6.6. Proposed reaction pathway for hydrogenation of PDHMF via 5-HMF as intermediate. 

 

Inspired by these results, we decided to test the limits of the optimum catalyst and the 

protection method by using a loading of 20% PDHMF and an optimized Na2CO3 (1·10-3 eq.). 

The results are presented in Table 6.2. After 4 hours of reaction time we recovered 11% of 

unreacted PDHMF and a substantial amount of 5-HMF (21%) and BHMF (57%). However, 

nearly all PDHMF was converted (99%) and 5-HMF levels dropped to 5% after extending the 

reaction to a total of 6 hours. More importantly, the BHMF yield increased to 81% with 

satisfactorily low BHMTHF and PDHMTHF yields and a carbon balance of 91%. 
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Table 6.2. Hydrogenation of 20% PDHMF with NiRe0.5 using optimized base loading. [a] 

t XPDHMF Y5-HMF YBHMF YBHMTHF YPDHMTHF C.B. [b] PDO rec [c] 

h % % % % % % % 

4 88.8 20.9 57.4 1.3 2.6 93.4 95.6 

6 98.7 5.2 80.9 2.1 2.0 91.4 90.2 

[a] Reagents and conditions: Catalyst (10 mg), PDHMF (400 mg, molar ratio PDHMF/Ni = 428), H2O 
(2 mL), 1-butanol (1 μL), H2 (5 MPa), 40 °C, 1·10-3 equivalence of Na2CO3 to PDHMF, 750 rpm. 

[b] Carbon balance. 
[c] PDO recovery presented as a sum of unreacted PDHMF and free 1,3-propanediol. PDO originates 

from deprotection of PDHMF during the course of the reaction. It is excluded from the carbon 
balance. 

6.4 Conclusions 

We succeeded in preparing titania-supported rhenium-promoted nickel catalysts that are 

highly active and selective in the low-temperature hydrogenation of 5-HMF to BHMF and 

BHMTHF in water. Rhenium adopts several promoting roles in this catalytic chemistry. In 

dilute 5-HMF solutions (1 wt.%), rhenium promotes the hydrogenation of the furan ring and 

full conversion can be reached with all nickel-containing catalysts with carbon balances 

exceeding 95%. In more concentrated solutions of 5-HMF (10 wt.%), higher loadings of 

rhenium increase the overall activity of the catalyst, although full conversion was never reached 

due to humin buildup on the catalytic surface. With NiRe2, the most active material, 54% 

conversion was obtained with a BHMF yield of 46% and carbon balance of 85%. BHMTHF was 

not produced in this case, which we attribute to competitive adsorption between unreacted 5-

HMF and BHMF still adsorbed to the catalytic surface.  

The benefit of using rhenium on the overall activity is more prominent when a concentrated 

solution (10 wt.%) of PDHMF, the acetal of 5-HMF with 1,3-propanediol, is hydrogenated, as 

all bimetallic NiRe catalysts can fully convert the substrate unlike their monometallic 

counterparts. Although all rhenium-promoted catalysts produce BHMF and BHMTHF in 

nearly equal amounts in pH-neutral solutions, NiRe0.5 is identified as the optimal catalyst, since 

it produces the lowest amount of side-products. The carbon balance, although improved 

compared to 10 wt.% 5-HMF (92% vs. 85%), is still suboptimal, which is caused by degradation 
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of the relatively high amounts of unprotected 5-HMF (9%) formed during the reaction. The 

reason is that the deprotection rate was too high compared to the hydrogenation rate at the 

neutral pH.  

We discovered that the deprotection rate can be attenuated by increasing the pH. Too high pH 

leads to a too low deprotection rate, essentially blocking the formation of the diol and, instead, 

the slow and undesired hydrogenation of the furan ring of PDHMF occurs. Careful balancing 

of the deprotection and hydrogenation rates by judicious choice of the pH proved to be the key 

in selectively producing BHMF in high yield (89% at a conversion of 99%, carbon balance 93%) 

using concentrated solutions of PDHMF in water. 
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Summary and outlook 

Earth-abundant Heterogeneous Catalysts for the Conversion of 

Biomass into Value-added Chemical Intermediates 

The utilization of renewable resources such as biomass for production of chemicals and 

transport fuels is integral for the transition to a more sustainable society. The current 

dependence on fossil fuels has led to global environmental problems such as pollution and 

increased emission of greenhouse gases, which cause global warming. To that end, the energy 

sector has undertaken considerable steps in supplementing the combustion of coal, oil and 

natural gas by renewable energy sources such as solar, hydro-electric, geothermal and wind and 

as such is on its way to decarbonize. However, the chemical sector cannot decarbonize as easily 

as many chemicals and materials are carbon-based. Lignocellulose is recognized as the primary 

source of renewable carbon and significant endeavors were and are undertaken in developing 

new processes to convert it into transport fuels valuable intermediates for the chemical sector. 

To facilitate such processes, new tailor-made catalysts are required with a high tunability and 

tolerance for the oxygen-rich substrates and the aqueous environments necessary to process 

them. 

Chapter 2 reports on the study of doping bulk tungsten oxides with early-transition metals 

niobium and titanium for the conversion of glucose to 5-hydroxymethylfurfural (5-HMF). The 

materials were prepared by hydrolysis of the respective chloride precursor in water and only 

dried at 70 °C. The materials did not undergo any further heat treatment, in doing so preserving 

the tungstite crystal phase. Tungstite by itself possesses significant Lewis acid strength but only 

moderate Brønsted acidity. Doping with various levels of niobium and tungstite significantly 

enhanced the number of Brønsted acid sites due to the hydroxyl groups bridging W6+ and Nb5+ 

or Ti4+. Physico-chemical analysis of these materials showed that niobium-doped materials 

retained a high level of crystallinity and improved surface area (35 m2 g-1 vs. 17 m2 g-1) and a 

rather uniform distribution of the niobium dopant through both surface and bulk. Doping with 
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titanium yielded a very corrugated and amorphous material with very little surface area (4 m2 

g-1) and titanium was primarily located in the bulk.  

Activity tests for glucose conversion to 5-HMF were ran in batch at a temperature of 120 °C for 

4 hours, using 1 wt% glucose in biphasic THF:H2O. Compared to tungstite which yielded only 

~20% yield at full glucose conversion under these conditions, both Nb and Ti-doped materials 

reached 60% yield after only 3 hours. Even though these materials have comparable activities, 

doping with titanium has the advantage that titanium is very cheap compared to niobium, and 

production of the precursor TiCl4 is widely-established due to its use as a homogeneous catalyst. 

Chapter 3 continues the development of tungsten oxide based solid catalysts on the 

conversion of glucose to 5-HMF. As presented in Chapter 2, the surface area of all produced 

materials is low, especially when compared to common supports such as TiO2 (Degussa, P25, 

~50 m2 g-1) and SiO2 (Shell, ~200 m2 g-1). This is partly due to the heavy mass of tungsten (183.84 

g mol-1) but mere hydrolysis of WCl6 does not prevent growth of large tungsten oxide particles. 

A non-hydrolytic sol-gel approach using alcohols as solubilizing liquid produced a sub-

stoichiometric tungsten oxide with a surface area of 135 m2 g-1 and a Brønsted acid density 

comparable to Nb-doped bulk tungstite. This material outclassed all bulk materials in activity 

as full conversion was reached after merely 1 hour and maximum 5-HMF yield was reached 

after 2 hours using the same conditions as used in Chapter 2. Doping this material with 

titanium, vanadium, zirconium or niobium unexpectedly lowered its Brønsted acidity. After 

comparing the relative surface concentrations of the dopants and of W5+, we found a correlation 

between these concentrations, leading us to the conclusion that charge-compensating effects 

other than acidic protons can occur. Although this resulted in lower overall activities, this effect 

did provide us with the tools to study the influence of various relative and absolute levels of 

Lewis and Brønsted acidity. 

Chapter 4 covers the usability of the materials produced in Chapters 2 and 3 on the 

depolymerization of cellulose to glucose and its subsequent retro-aldolization to ethylene 

glycol. The required hydrogenation function was provided using either carbon-supported 
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ruthenium or ruthenium directly impregnated onto our materials. Activities were tested in 

batch, using a range of reaction times (30 min – 3 hours) and temperatures (210 °C – 240 °C). 

This screening showed that the enhanced levels of Brønsted acidity and surface area, introduced 

by methods discussed in earlier chapters, were in fact detrimental to the selectivity towards 

ethylene glycol as undoped bulk tungstite was the most selective (51%) at a cellulose conversion 

of 75% and this material significantly outclassed commercial tungsten oxide, which only 

reached a cellulose conversion of 40%, with an ethylene glycol selectivity of just 30%. While a 

certain level of Brønsted acidity is needed to facilitate the depolymerization of cellulose to 

glucose, the aqueous medium combined with the high temperature required to expediate the 

reaction caused some degradation to occur. The Lewis and Brønsted acidity of tungstite were 

the most optimal in this regard. Impregnating tungstite with 2 wt% ruthenium proved beneficial 

for the ethylene glycol selectivity as, due to the fixation of the hydrogenation activity onto the 

retro-aldol catalyst, significantly fewer polyols were produced. 

Chapter 5 investigates how nanoshaping the support of ceria-supported gold catalysts on 

their activity towards aerobic oxidation of 5-HMF protected as PDHMF (the 1,3-propanediol 

acetal of 5-HMF) as a follow-up study towards this recently-published protection strategy. 

Various nanoshapes were produced along established methods and loaded with gold using 

either urea-DP or NaOH-DP as deposition methods. The urea-DP method provides efficient 

deposition and generally uniform particle sizes. The urea-DP method produced active catalysts, 

of which the rods morphology showed the highest activity. However, these materials showed 

large extents of gold leaching. Particle size of the NaOH-DP approach is mainly governed by 

the pH of the precursor solution, but high pH commonly leads to a significantly reduced gold 

uptake. Catalysts produced with this method using ceria nanorods as support, however, had a 

significantly larger gold uptake than usually seen with ceria supports. As such, using this 

support is more efficient as less gold precursor is wasted and materials produced this way were 

slightly more active  
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Chapter 6 explores the hydrogenation of 5-HMF protected as PDHMF (the 1,3-propanediol 

acetal of 5-HMF) to produce bis-2,5-(hydroxymethyl)furan (BHMF) using rhenium promoted 

titania-supported nickel. Rhenium was shown to greatly improve hydrogenation capabilities of 

various platinum group metals such as palladium and platinum in earlier published work. 

However, due to the high costs and scarcity of these noble metals, the use of cheaper and more 

abundant alternatives is encouraged. The produced materials were tested in batch conditions 

(40 C, 5 MPa H2, 4 hours of reaction time). The materials were initially tested for 1 wt% and 10 

wt% aqueous 5-HMF solutions. Low concentrations were fully converted, and yielded various 

amounts of BHMF and bis-2,5-(hydroxymethyl)tetrahydrofuran (BHMTHF), biased to higher 

levels of BHMTHF with increasing amounts of rhenium promotor. High 5-HMF 

concentrations never reached full conversion, the extend depending on the amount of rhenium 

promotor. The materials gradually deactivated due to humin buildup on the surface, and as 

such, higher amounts of rhenium provided more active catalysts. In this case, BHMF was the 

only product.  

The next step involved hydrogenation of PDHMF in initially pH-neutral environment to 

facilitate the necessary deprotection. The reason being that direct oxidation of an acetal is 

possible, but hydrogenation is not due to absence of a carbonyl group. As such, the acetal is 

required to fully deprotect prior to hydrogenation. Using the same conditions as used for 5-

HMF hydrogenation, full PDHMF conversion was achieved within 4 hours with BHMF as only 

product. Additionally, a substantial amount of 5-HMF was recovered, which was undesired as 

it could form unwanted side products. On the other hand, a too high pH was also not 

satisfactory as this led to hydrogenation of the furan ring with the acetal still intact. The 

hydrogenation and deprotection rates thus needed balancing to ensure high BHMF yields 

without either humin formation, or furan hydrogenation. The acetal deprotection rate is very 

dependent on the pH of the reaction medium, which provided us with the tool tune these two 

rates, as such leading to full PDHMF conversion and BHMF yields approaching 90%. 
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Outlook 

The results of this thesis mainly contribute to better understanding the influence of various 

factors on several key reactions aimed to produce platform molecules from cellulose and their 

further processing to monomers. Efforts primarily went into understanding the catalytic 

process, rather than optimizing yields. As such, the conversion of glucose to 5-HMF can 

certainly benefit from running in a continuous setting as the main driver for achieving high 5-

HMF yields is to isolate the formed 5-HMF from the aqueous reaction medium as soon as it is 

formed. High-performing systems with this in mind have been developed, but suffer from 

downsides such as difficult catalyst separation and isolation of 5-HMF from the used extraction 

solvent.[1] Ideally, such a system comprises a biphasic solvent combination of water and a low-

boiling green solvent with a high partition coefficient towards 5-HMF, using a heterogenous, 

hydrothermally stable catalyst with tunable water-tolerable acid sites. For the conversion of 

cellulose, or rather glucose, to ethylene glycol, a true continuous process has yet to be developed. 

The benefits of such a system will primarily lie in reducing selectivity towards higher polyols as 

the retro-aldol and hydrogenation catalysts can be packed as separate beds, which will prevent 

premature hydrogenation of carbonyl species. However, current processes all rely on a 

(supported) tungsten species for the retro aldol functionality. Research performed by Tao 

Zhang showed that no matter the initial state of tungsten present in the reactor as a catalyst, it 

will (partially) be converted to soluble tungsten species, leading in the best case to redistribution 

of tungsten throughout the catalyst bed or leaching in the worst case.[2] 

Downstream applications of 5-HMF are perhaps more suited for continuous setups as 5-

HMF protected as PDHMF is very stable, especially in (mildly) alkaline environments.[3,4] 

Gaseous H2 or O2, required for hydrogenation or oxidation, can be fed into a trickle-flow setup. 

Due to the temperature dependence of the different hydrogenation and oxidation steps required 

for a particular end-product, micro-reactors would be ideally suited to perform these reactions 

as temperature can be precisely controlled in subsequent zones and the temperature response 

times are very short due to the limited volumes that require heating/cooling.[5] Production speed 

can be increased at-will by running multiple micro reactors in parallel. 



 
 
 
 
Summary and outlook 

P a g e  ♦ 146 
 
 
 
 

References 

[1] Y. Muranaka, H. Nakagawa, R. Masaki, T. Maki, K. Mae, Ind. Eng. Chem. Res. 2017, 56, 
10998–11005. 

[2] A. Wang, T. Zhang, Acc. Chem. Res. 2013, 46, 1377–1386. 
[3] M. Kim, Y. Su, T. Aoshima, A. Fukuoka, E. J. M. Hensen, K. Nakajima, ACS Catal. 2019, 

4277–4285. 
[4] M. Kim, Y. Su, A. Fukuoka, E. J. M. Hensen, K. Nakajima, Angew. Chemie - Int. Ed. 2018, 

57, 8235–8239. 
[5] T. Westermann, L. Mleczko, Org. Process Res. Dev. 2016, 20, 487–494. 
 

 



 

P a g e  ♦ 147 
 
 
 
 

Appendix A 
Supporting information for Chapter 3 

A1. Figures 

 

 
Figure A1. N2 sorption isotherms of bulk and mesoporous tungsten oxides. 
 

 
Figure A2. Pore size distributions of doped mesoporous oxides. 
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Figure A3. TEM images of uncalcined and calcined doped mesoporous oxides. 

 

 
Figure A4. Deconvoluted W 4f regions of bulk and meso-WO3-T. W6+ 4f7/2 binding energy was 35.85 

eV +/- 0.04 eV and W5+ 4f7/2 was set to -1.12 eV offset from W6+ 4f7/2. W6+ 4f5/2 and W5+ 4f5/2 were 
offset +2.17 eV from their respective 4f7/2 component. FWHM was set equal for all tungsten oxidation 
states of the same spectrum, averaging 1.17 eV +/- 0.06 eV between spectra.  
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Figure A5. Top: XPS spectra belonging to the dopants Bottom: XPS spectra of the doped materials at 
different stages of calcination. Red and blue lines denote deconvoluted peaks of W6+ and W5+ 
respectively. W6+ 4f7/2 binding energy was 35.91 eV +/- 0.06 eV and W5+ 4f7/2 was set to -1.12 eV offset 
from W6+ 4f7/2. W6+ 4f5/2 and W5+ 4f5/2 were offset +2.17 eV from their respective 4f7/2 component. 
FWHM was set equal for all tungsten oxidation states of the same spectrum, averaging 1.25 eV +/- 
0.04 eV between spectra. 
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Figure A6. FT-IR difference spectra, normalized by sample mass, of dehydrated bulk and mesoporous 

undoped and doped oxides obtained after pyridine adsorption and removal of physisorbed pyridine 
at 70 °C. Bands associated with Lewis acid sites (1445 cm-1) and Brønsted acid sites (1540 cm-1) as 
well as the combined L+B peak at 1490 cm-1 are annotated. 
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Figure A7. Annotated MS traces taken from early parts of the chromatogram belonging to the 4-hour 

reaction mixture of bulk-WO3-uc. Presence of saccharide oligomers (top trace) and condensation 
products between HMF and hexoses (bottom trace) was confirmed.  
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Figure A8. Recycle experiments of meso-WO3-uc. (1 wt% glucose in 1/9 H2O/THF (v/v), 

glucose:catalyst ratio 1:1, 120 °C). 
 

A2. Tables 

Table A1. Surface atomic W5+ and W6+ concentrations of bulk- and meso-WO3-uc as function of 
reaction time. 

 bulk-WO3-uc meso-WO3-uc 

t W5+ W6+ R W6+/W5+ W5+ W6+ R W6+/W5+ 

min at% at% - at% at% - 

Fresh 5.5 94.5 17.2 10.5 89.5 8.5 

30 6.9 93.1 13.5 13.2 87.8 6.7 

60 7.1 92.9 13.1 11.2 88.8 7.9 

120 7.0 93.0 13.3 11.9 89.1 7.5 

180 7.3 92.7 12.7 10.4 89.6 8.6 

240 7.5 92.5 12.3 10.8 89.2 8.2 

4x recycled - - - 9.9 91.1 9.2 
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Table A2. Final mass balances of all tested materials.[a] 

Catalyst Xglucose Y5-HMF Yunknown
b 

 % % % 

Bulk-WO3-uc 95.1 56.0 39.1 

Bulk-WO3-300 89.8 41.8 48.0 

Bulk-WO3-600 88.5 30.8 57.7 

Meso-WO3-uc 100 57.0 43.0 

Meso-WO3-300 100 56.2 43.8 

Meso-WO3-600 95.4 40.8 54.6 

Meso-NbW5-uc 98.6 56.4 42.2 

Meso-NbW5-300 98.9 54.2 44.7 

Meso-NbW5-600 63.1 24.3 38.8 

Meso-TiW5-uc 97.9 50.3 47.6 

Meso-TiW5-300 91.0 45.9 45.1 

Meso-TiW5-600 31.7 7.0 24.7 

Meso-VW5-uc 82.0 22.8 59.2 

Meso-VW5-300 75.2 16.8 58.4 

Meso-VW5-600 14.5 0.3 14.2 

Meso-ZrW5-uc 99.6 52.2 47.4 

Meso-ZrW5-300 97.6 50.4 47.2 

Meso-ZrW5-600 47.5 10.4 37.1 

[a] Reaction conditions: 1 wt% glucose in 1/9 H2O/THF (v/v), glucose:catalyst ratio 1:1, 120 °C, 4h. 
[b] Undefined mixture of condensation products of hexoses, dehydrated intermediates and/or 5-HMF. 
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Table A3. Catalytic performances of comparable systems. 

Catalyst Conditions T t Xglucose Y5-HMF Yunk
* Ref. 

  °C min % % %  

P/TiO2 [a] 0.4 g glucose; 2 mL H2O;  

0.125 g catalyst 

120 120 42 15 23 [1] 

 

 0.4 g glucose; 2 mL H2O, 6 mL BuOH[f];  

0.125 g catalyst 

120 120 29 18 4 [1] 

 

 0.4 g glucose; 2 mL H2O, 6 mL MIBK[g];  

0.125 g catalyst 

120 120 41 14 25 [1] 

 

 0.4 g glucose; 2 mL H2O, 6 mL SBP[h];  

0.125 g catalyst 

120 120 49 34 12 [1] 

 

P/Nb2O5 [b] 0.02 g glucose, 2 mL H2O; 

0.2 g catalyst 

120 180 92 52.1 43.3 [2] 

mTa2O5 [c] 0.15 g glucose; 1.5 mL H2O; 3.5 mL 

MIBK[g]; 0.075 g catalyst 

175 90 71.0 27.3 43.7 [3] 

NA-P [d] 1.2 g glucose; 20 mL H2O; 30 mL 2-

BuOH[i]; 0.1 g catalyst 

160 110 72.0 49.0 23 [4] 

ZrO2 [e] 0.06 g glucose; 1 mL H2O; 1 mL DMSO; 

0.02 g catalyst 

170 240 88 35 53 [5] 

[a] Phosphate/TiO2;  [b] H3PO4/Nb2O5•nH2O; [c] Mesoporous tantalum oxide; 

  

[d] H3PO4-treated Nb2O5•nH2O;  [e] Amorphous ZrO2; [f] 1-Butanol; 
[g] Methyl-isobutylketone; [h] Sec-2-butylphenol; [i] 2-Butanol 
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Appendix B 

Supporting information for Chapter 6 

B.1  Mechanistic discussions PDHMF oxidation vs. hydrogenation 

 
Figure B1. Mechanism (a) depicts the accepted aldehyde oxidation mechanism in aqueous 

environment. Here, gold nanoparticles are used as an example catalyst. Mechanism (b) treats 
oxidation of the cyclic acetal of PDHMF through its partial hydrolysis to a hemiacetal. Mechanism 
(c) covers hydrogenation of esters, carboxylic acids and aldehydes. Hydrogenation is achieved 
through a tetrahedral intermediate, accepting sequentially a hydride and proton generated through 
heterolytic splitting of molecular hydrogen. Mechanism (d) shows the pH-governed hydrolysis of the 
cyclic acetal of PDHMF to 5-HMF. Its hydrogenation to BHMF then proceeds as depicted in (c). 

 

Aldehyde oxidation in acidic or alkaline environment proceeds through a geminal diol 

intermediate which undergoes dehydrogenation to form the corresponding carboxylic acid. 

Figure B1(a) showcases this mechanism for supported gold nanoparticles. The mechanism is 

also valid for 5-HMF as was shown by Davis et al.[1] Oxidation of PDHMF proceeds through a 

similar mechanism, requiring partial hydrolysis of the cyclic acetal to a hemi-acetal. Although 

direct hydrolysis of the acetal is very unfavorable in the strong basic environment, Minjune et 
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al. established that the Lewis acidic ceria support used in their study aids in weakening the cyclic 

acetal by coordinating to one of the acetal oxygens (Figure B1(b))[2]. A nucleophilic attack from 

an OH- ion then partially hydrolyzes the cyclic acetal to a hemi-acetal which sets the resulting 

intermediary up for oxidative esterification and subsequent hydrolysis to the desired acid. In 

this sense, the acetal is never fully hydrolyzed and benefits from protection throughout the 

entire reaction.  

Considering the hydrogenation of esters, ketones and aldehydes, the reaction proceeds 

through a so-called tetrahedral intermediate where a nucleophilic moiety such as a hydride or 

a hydroxyl attacks the electrophilic carbon (Figure B1(c)).[3] Because of this mechanistic 

difference, hydrogenation of PDHMF to form BHMF requires full hydrolysis of the cyclic acetal 

to an aldehyde prior to its hydrogenation (Figure B1(d)). Although a concerted mechanism in 

which a hydride species attacks the hemiacetal intermediate while expelling the diol is in theory 

possible, it is highly unlikely as hemiacetals are only very weakly electrophilic.[4] This imposes 

significant considerations to the protective role the acetal provides and careful tuning of the 

deprotection rate to the rate of hydrogenation is therefore paramount in ensuring high 

hydrogenation product yields and selectivities when 5-HMF or other unstable aldehydic species 

are involved. The mechanism for acetal hydrolysis itself consists of several steps, which are all 

equilibria. The position of the first equilibrium is determined by the pH as acceptance of a 

proton allows one “half” of the cyclic acetal to act as leaving group. This can even occur at high 

pH, as a certain concentration of protons is always present as determined by the water 

equilibrium. As such, the deprotection rate can be very efficiently controlled by careful 

adjustment of the pH. 
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B.2 Characterization of prepared catalysts 

Table B1 lists the most important properties of the catalysts. For comparing purposes, 

monometallic Ni/TiO2 and Re/TiO2 were also included in this study. We find that actual 

rhenium weight loadings are systematically 15% higher than desired and we expect this is due 

to the nature of the aqueous rhenium precursor solution used.  

 

Table B1. Catalyst notation, metal loadings and active site concentrations. 

Catalyst Ni loading [a] Re loading [a] Re / Ni [Active sites] [b] 

wt% wt% mol / mol mmol g-1 

Ni 2.97 - - 0.139 

NiRe0.5 2.92 5.50 0.593 0.602 

NiRe1 2.91 10.8 1.17 0.583 

NiRe2 2.82 20.5 2.29 0.404 

Re - 11.3 - 0.257 

[a] Determined by ICP-OES. 
[b] Measured with CO chemisorption. 

 
XPS was used to determine the surface composition of the catalysts to further elucidate the 

nature of the active site and the trend found with chemisorption. Deconvoluted spectra are 

provided in Figure B2 and quantitative surface contributions are summarized in Table B2. We 

find that low levels of rhenium (NiRe0.5) significantly enhance the nickel dispersion. Further 

increase of rhenium content (NiRe1 and NiRe2) lowers the overall nickel dispersion, however, 

the surface concentration of metallic nickel remains relatively stable at the expense of oxidized 

nickel. We also observe a large heterogeneity of Re species ranging from metallic rhenium, Re2+, 

Re4+, Re5+, Re6+ and Re7+. Increasing the rhenium loading increases the amount of metallic 

rhenium after reduction at the expense of the oxidized species. Re/TiO2 has a rhenium species 

distribution comparable to NiRe0.5/TiO2. Kaituo et al. showed that nickel and rhenium are 

distributed as bimetallic particles.[5] It is possible that rhenium prefers to reside on the outside 

of the particle. If we then assume that metallic nickel makes up the bulk of the active sites, it is 
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likely that a portion of the active sites are covered with rhenium, which would explain the trend 

observed by chemisorption.  

 

 
Figure B2. Ni 2p3/2 and Re 4f XPS spectra of titania-supported Ni, Re and bimetallic catalysts. 

Experimental data is represented by open circles and the fit by a black curve. Ni 2p3/2 fits (left) are 
composed of Ni0 (red) and Ni2+ (blue) and corresponding satellite signals (dotted lines). Re 4f fits 
comprise Re0 (red), Re2+ (blue), Re4+ (green), Re5+ (orange), Re6+ (violet), Re7+ (pink), as well as signals 
belonging to Ti 3p (gray). 
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Table B2. Summary of quantified XPS data for TiO2-supported Ni, Re and NiRex catalysts. 

Catalyst Ni0 Ni2+ Re0 Rex+ [a] Ti Ni/(Ni+Ti) Re/(Re+Ti) Ni/Re 

at% at% at% at% at% - - - 

Ni 0.76 0.27 - - 26.77 3.71 - - 

NiRe0.5 1.37 1.89 0.58 1.64 23.64 12.11 8.58 1.47 

NiRe1 1.20 1.17 1.78 1.19 23.45 9.18 11.24 0.80 

NiRe2 1.14 0.71 4.23 2.06 23.27 7.36 21.25 0.29 

Re - - 1.05 2.34 23.98 - 12.39 - 

[a] Sum of all oxidic rhenium species. 

 
Figure B3 summarizes the result of the H2-TPR characterization of the catalysts. We observe 

that reduction of nickel on Ni/TiO2 takes place around a temperature 300 °C, which increases 

upon increasing amounts of rhenium. Reduction of rhenium on Re/TiO2 starts at roughly 310 

°C and only reaches a maximum at 350 °C. We can also appreciate that the total hydrogen 

uptake is significantly larger for the bimetallic catalysts than for the monometallic materials. 

 

 
Figure B3. H2-TPR profiles of TiO2-supported Ni, Re, and NiRex catalysts. 

B.3  Proposed mechanism for formyl hydrogenation of titania-supported 

nickel 

A plausible formyl hydrogenation mechanism constitutes association of the formyl function to 

nickel, forming an η2(C,O)-aldehyde complex, which activates the formyl for hydrogenation 

(Figure B4, blue box).[6,7] The actual hydrogenation is proposed to proceed through sequential 

addition of a hydride and a proton. This infers that molecular hydrogen splits heterolytically; a 



 
 
 
 
Appendix B 

P a g e  ♦ 160 
 
 
 
 

process which has been postulated by many studies.[8,9] Nickel is proposed to form η1(C)-acyl 

species by cleaving the aldehyde C-H bond, leading to decarbonylation, but this tends to occur 

only at higher temperatures (Figure B4, top red box).[10,11]  Due to the oxophilic nature of 

rhenium, it is likely to form a complex with the formyl oxygen and potentially the furanic 

oxygen.[12] This effect can polarize the carbonyl and activate the furan ring, promoting ring 

hydrogenation by forcing the ring in the required orientation. This effect only occurs on the 

nickel-containing catalysts, however, and this underlines the secondary role rhenium displays 

under the employed conditions as rhenium by itself shows poor activity compared to the other 

materials, and by itself is unable to hydrogenate the furan ring.  

Studies performed by the group of Rosseinsky[13] conclude that the formation from 

BHMTHF proceeds through BHMF, which is in line with our findings as BHMTHF was never 

encountered in absence of BHMF in any of our reactions starting from 5-HMF. A similar 

pathway has been found by the group of Tomishige[14] for hydrogenation of furfural to 

tetrahydrofurfuryl alcohol, which proceeds through furfuryl alcohol as intermediate. Both 

groups found that the selectivity towards the saturated alcohol depends on the conversion of 

the unsaturated aldehyde. In contrast to their findings, however, we find that BHMTHF 

formation is not favorable when starting from BHMF as substrate. We suspect this is related to 

the low temperature (40 °C) we use throughout our tests. When studying PDHMF as a 

substrate, we found that the ring can be hydrogenated but this is not favorable as conversions 

were relatively low. A plausible explanation here is that the molecule can freely rotate over the 

furan-acetal bond, which might aid in finding an orientation where the ring can be 

hydrogenated. In contrast, 5-HMF cannot freely rotate over the furan-formyl bond as the 

formyl C=O bond is conjugated to the furan ring, which forces the formyl group planar to the 

furan ring through resonance. 
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Figure B4. Proposed pathways for C-O hydrogenation (blue), furanic ring hydrogenation (yellow), and 

high-temperature decarbonylation and deoxygenation (red). 

B.4.  Supplementary catalytic data 

Table B3. Evaluation of Ni/TiO2, NiRe1/TiO2 and Re/TiO2 catalysts in the hydrogenation of aqueous 1% 
BHMF solutions. [a] 

Catalyst T XBHMF YBHMTHF YUnk [b] C.B. [c] 

°C % % % % 

Ni 40 5.1 n.d. [d] 5.1 94.9 

NiRe1 40 4.6 2.9 1.7 98.3 

NiRe1 90 67.8 57.3 10.5 89.5 

Re 40 4.6 n.d. 4.6 95.4 

[a] Reagents and conditions: Catalyst (10 mg), BHMF (20 mg, molar ratio BHMF/Ni = 307), H2O (2 
mL), 1-butanol (1 μL), H2 (5 MPa), 40 °C, 4 hours, 750 rpm. 

[b] Unknown. 
[c] Carbon balance. 
[d] Not detected. 
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Table B4. Evaluation of Ni/TiO2, NiRex/TiO2 and Re/TiO2 catalysts in the hydrogenation of aqueous 10 
% 5-HMF solutions. [a] 

# Catalyst Cat. X5-HMF YBHMF YBHMTHF C.B. [b] 

 mg % % % % 

1 Ni 10 11.2 9.87 < 0.1 87.7 

2 NiRe0.5 10 21.5 18.1 < 0.1 84.3 

3 NiRe1 10 29.9 25.5 < 0.1 85.5 

4 NiRe1 10 70.5 [c] 2.1 34.5 66.3 

5 NiRe2 10 53.8 45.6 < 0.1 84.7 

6 NiRe2 10 98.2 [d] 72.1 <0.1 73.9 

7 NiRe2 100 97.2 83.3 2.6 88.8 

8 Re 10 5.3 4.5 < 0.1 85.5 

[a] Reagents and conditions: 5-HMF (200 mg, molar ratio 5-HMF/Ni = 312 or 31.2), H2O (2 mL), 1-
butanol (1 μL), H2 (5 MPa), 40 °C, 4 hours, 750 rpm. 

[b] Carbon balance. 
[c] Conditions as [a] but reaction was extended for 8 hours and heated to 90 °C from 40 °C for this 

period. 
[d] Conditions as [a] but with addition of 0.5 eq. of Na2CO3. 

 
Table B5. PDO degradation study in contact with NiRex under reaction conditions. [a] 

t 5-HMF X1,3-PDO YUnk [b] C.B. [c] 

h mg % % % 

0 0 0 0 100 

4 0 0.6 0.6 99.4 

4 200 35.1 35.1 64.9 

[a] Reagents and conditions: NiRe2 (10 mg), 1,3-PDO (1.1 mmol ≙ 200 mg PDHMF), H2O (2 mL), 1-
butanol (1 μL), H2 (5 MPa), 40 °C, 750 rpm. 
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Table B6. pH influence on the conversion and product distribution of 10% PDHMF, using NiRe0.5 as 
catalyst. [a] 

Na2CO3 XPDHMF Y5-HMF YBHMF YBHMTHF YPDHMTHF C.B. [b] PDO rec [c] 

eq pH % % % % % % % 

5·10-1 11.4 52.1 0 1.0 2.2 40.8 91.9 84.5 

1·10-1 11.2 52.7 0 1.2 2.4 39.8 90.6 82.5 

5·10-2 11.1 53.4 0.2 1.0 2.4 42.0 92.0 86.2 

1·10-2 10.9 53.1 1.7 22.4 1.5 20.0 92.2 91.7 

5·10-3 10.7 50.8 0.7 31.4 2.2 15.6 99.9 96.0 

1·10-3 10.4 99.2 1.2 89.0 3.4 0.8 95.1 93.0 

5·10-4 10.2 98.8 2.1 86.0 6.9 0.3 96.5 94.5 

0 7 94.4 8.5 78.7 5.0 0 92.5 91.8 

[a] Reagents and conditions: Catalyst (10 mg), PDHMF (200 mg, molar ratio PDHMF/Ni = 214), H2O 
(2 mL), 1-butanol (1 μL), H2 (5 MPa), 40 °C, 4 hours, 750 rpm. 

[b] Carbon balance. 
[c] PDO recovery presented as a sum of unreacted PDHMF, and PDHMTHF and free 1,3-

propanediol. PDO originates from deprotection of PDHMF during the course of the reaction. It is 
excluded from the carbon balance. 

 

 
Figure B5. 1H NMR spectrum of the reaction solution during PDHMF hydrogenation after 4 hours. 

Characteristic resonance signals for PDHMF (black) and PDHMTHF (red) are indicated with dotted 
lines. Reagents and conditions: PDHMF (200 mg), NiRe0.5 (10 mg), Na2CO3 (0.5 eq. to PDHMF), 
D2O (2 mL), 40 °C, 4 h, H2 (5.0 MPa). 
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.   

Figure B6. Time courses of PDHMF deprotection with NiRe0.5. Lines provide guidance for the reader’s 
eye. Reagents and conditions:  Catalyst (10 mg), PDHMF (200 mg, molar ratio PDHMF/Ni = 214), 
H2O (2 mL), 1-butanol (1 μL), N2 (5 MPa), 40 °C, 1·10-3 equivalence of Na2CO3 to PDHMF, 750 rpm 
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