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Abstract 
The sugar cracking process is a promising technology, which may be useful for renewable chem-

ical production of glycolaldehyde and other oxygenate products including pyruvaldehyde, ace-

tol, glyoxal and formaldehyde. Glycolaldehyde is a renewable platform molecule that can be 

used for further conversion of other useful chemicals such as ethylene glycol, methyl vinyl gly-

colate (MVG) and ethanol amines. Ethylene glycol is a large commodity chemical mainly pro-

duced from petrochemical ethylene and is primarily used in the synthesis of polyester fibers and 

PET bottles. Producing ethylene glycol from sugars through the sugar cracking process would 

allow for a renewable production of ethylene glycol contributing to the green transition. 

In the sugar cracking process, aqueous solutions of sugars are sprayed into a fluidized bed reactor 

in a fast pyrolysis type process. The sugar cracking process has been investigated in this thesis 

with the objective to optimize the yield of glycolaldehyde and to improve the mechanistic un-

derstanding of the process. This has been achieved through experimental investigation the effects 

of operating conditions, and by developing a kinetic model for the process. 

The process has been investigated for a wide of range operating parameters, including time on 

stream, bed temperature, feed concentration, feed substrate, liquid feed flowrate, gas feed 

flowrate, spray atomization parameters, downstream temperature, type of bed material and bed 

material loading. The process generally exhibited robustness with respect to variation in several 

parameters. However, some parameters were found to strongly influence the performance of the 

process. These include bed temperature, type of bed material and liquid feed flowrate. 

The highest yield of glycolaldehyde obtained from glucose in this thesis was 74%, which is also 

the highest yield reported in the open literature. The optimum temperature for glycolaldehyde 

production was found to be 515–525 °C. At higher temperature, the yield was reduced due to 

formation of permanent gases. At lower temperature, the yield was reduced and the process was 

more difficult to operate due to increased defluidization tendencies, likely due to formation char 

and other products. 

The type of bed material was an important parameter influencing the yield of glycolaldehyde. 

Silibeads Type S 90–150 µm (non-porous sodium silicate) showed the highest yield of glycolal-

dehyde among the bed materials tested in this thesis. From experimental observation, the best 

performing materials were found to be non-porous particles of silicate or metal oxides. It is pro-

posed that the role of the bed material is to be an inert heat carrier providing high heat transfer, 

facilitating rapid evaporation and heating in the fluidized bed reactor, minimizing undesired 

reactions rather than to have a catalytic role in the sugar cracking process. 

Investigation of the effects of the liquid feed flowrate showed that operation at >2 g/min resulted 

in little to no formation of anhydrosugars, whereas reducing the liquid feed flowrate significantly 

increased formation of anhydrosugars and reduced formation of glycolaldehyde. At 0.5 g/min, 

the yield of glycolaldehyde was only 17%, while the yield of anhydrosugars (levoglucosan and 

1,6-anhydroglucofuranose) was 20%. 

Various mono-, di- and polysaccharides were fed and tested in the sugar cracking process. From 

experiments feeding monosaccharides, the yield of glycolaldehyde was found to decrease in the 

order glucose > xylose > fructose ≈ 1,3-dihydroxyacetone > erythrulose. A reaction network 

was developed based primarily on isomerization and retro-aldol reactions that can account for 
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the relative distribution of oxygenate products feeding different monosaccharides. Di- and poly-

saccharides showed lower carbon balance yields (likely due to increased char formation) com-

pared to monosaccharides, although similar condensed products were formed. Cellulose and 

starch were fed from stirred suspensions and not aqueous solutions, and yielded 10–12% gly-

colaldehyde. These experiments show the importance of the initial ring-opening step that is nec-

essary for the retro-aldol reactions to occur. 

A kinetic model has been developed for the sugar cracking process. It is based on literature data 

of computational kinetic parameters and on empirical kinetic parameters based on experiments 

with glycolaldehyde and 1,3-dihydroxyacetone that were carried out and modelled in this thesis. 

The kinetic model was validated against sugar cracking experiments of glucose, fructose, xylose 

and erythrulose at different temperatures. The kinetic model captured important observations of 

sugar cracking of the various sugars at different temperatures, including the optimum tempera-

ture range for maximum glycolaldehyde yield. The kinetic model showed some limitations in 

that glycolaldehyde yields were generally overpredicted by 5–15%. Similarly, formaldehyde was 

also overpredicted, while pyruvaldehyde was underpredicted. This suggests that there may be 

limitations in the reaction network and room for further improvement of the model. The reac-

tions modelled in this work were proposed based on experimental observations, but may occur 

from different pathways. Further work to improve the model could be to further investigate the 

decomposition reactions to ensure that the correct reactions are modelled. Furthermore, the ki-

netic model is an isothermal gas-phase model that neglects important aspects such as bed mate-

rial and its interaction with droplets. 

This thesis contributes with new insights to the sugar cracking process, improving the mechanis-

tic understanding and optimizing the yield of glycolaldehyde. This may help further develop-

ment of the mechanistic understanding and further improvements useful during process scale-

up. 
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Resumé (Danish summary) 
Sukkerkrakning er en lovende teknologisk proces, der kan være brugbar til produktion af forny-

bare kemikalier såsom glycolaldehyd og andre oxygenater inklusiv pyruvaldehyd, acetol, glyoxal 

og formaldehyd. Glycolaldehyd er et fornybart platform molekyle, der kan bruges i videre om-

dannelse til andre brugbare kemikalier såsom ethylenglycol, metyl vinylglycolat (MVG) og 

ethanolaminer. Ethylenglycol er et kemikalie der produceres i stort omfang primært fra petroke-

misk etylen og bruges til syntese af polyester fibre og PET flasker. Produktion af ethylenglycol 

fra sukre gennem sukkerkrakningsprocessen vil være en fornybar vej til ethylglycol produktion 

der bidrager til den grønne omstilling. 

I sukkerkrakningsprocessen sprayes vandige opløsninger af sukre ind i et fluidiseret leje af par-

tikler i en hurtig pyrolyselignede proces. I denne afhandling er sukkerkrakningsprocessen blevet 

undersøgt med formålet at optimere udbyttet af glycolaldehyd og for at forbedre den mekanisti-

ske forståelse af processen. Dette er opnået gennem eksperimentel undersøgelse af effekten af 

operationsbetingelser og gennem udvikling af en kinetisk model for processen. 

Processen er blevet undersøgt for en lang række forskellige parametre, inklusiv operationstid, 

lejetemperatur, fødekoncentration, fødesubstrat, væske fødehastighed, gas fødehastighed, spray 

operationsparamentre, nedstrømstemperatur samt type og mængde af fluidiseringsmateriale. 

Processen udviste en generel robusthed med hensyn til variation and mange parametre. Nogle 

procesparametre viste sig dog at have stor indflydelse på processen. Disse inkluderer lejetempe-

ratur, fluidiseringsmateriale samt væske fødehastighed. 

Det højeste udbytte af glycolaldehyd fra glukose opnået i denne afhandling var 74%, hvilket også 

er det højeste udbytte rapporteret i den åbne litteratur. Den optimale temperatur for glycolalde-

hyd udbytte blev fundet til at være 515–525 °C. Ved højere temperatur faldt udbyttet grundet 

sekundær dekomponering til permanente gasser. Ved lavere temperature faldt udbyttet og pro-

cessen var sværere at operere grundet øget defluidiseringstendenser, formentlig grundet øget pro-

duktion af koks og andre produkter. 

Fluidiseringsmaterialet var en vigtig parameter der påvirkede udbyttet af glycolaldehyd. Sili-

beads Type S 90–150 µm (uporøs natrimsilikat) gav det højeste udbytte af glycolaldehyd blandt 

de undersøgte materialer i denne afhandling. Fra eksperimentelle observationer kan de bedste 

materialer siges at være ikke-porøse partikler af silikat eller metaloxider. Da disse materialer er 

kemisk inerte, foreslås det at rollen af lejematerialet er at sikre en høj varmeoverførsel, der med-

virker til en hurtig fordampning og opvarmning i det fluidiseret leje, hvilket minimerer uønskede 

reaktioner. 

Undersøgelse af effekten af væske fødehastighed viste at operation over 2 g/min resulterede i 

begrænset eller ingen dannelse af anhydrosukre. Derimod resulterede en sænkning af væske fø-

dehastigheden en signifikant forøgelse af dannelsen af anhydrosukre og reducering af dannelse 

af glycolaldehyd. Ved 0,5 g/min var udbyttet af glycolaldehyd kun 17%, mens udbyttet af anhy-

drosukre (levoglucosan og 1,6-anhydroglucofuranose) var 20%. 

Forskellige mono-, di- og polysakkarider blev fødet og testet i sukkerkrakningsprocessen. Fra 

eksperimenter med fødning af monosakkarider faldt udbyttet af glycolaldehyd i rækkefølgen glu-

kose > xylose > fruktose > 1,3-dihydroxyacetone > erythrulose. Et reaktionsnetværk blev udvik-
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let primært baseret på isomeriserings- og retroaldolreaktioner der kan beskrive den relative for-

deling af oxygenater fra fødning af de forskellige monosakkarider. Di- og polysakkarider viste 

lavere karbonbalancer (sandsynligvis grundet øget dannelse af koks) sammenlignet med mo-

nosakkarider, selvom de samme kondenserede produkter blev dannet. Cellulose og stivelse blev 

fødet fra omrørte suspensioner og ikke vandige opløsninger, og gav 10–12% udbytte af glycolal-

dehyd. Disse eksperimenter viste vigtigheden af ringsåbningstrinnet, der er nødvendigt for at de 

efterfølgende retroaldolreaktioner kan foregå. 

En kinetisk model blev udviklet for sukkerkrakningsprocessen. Den er baseret på litteraturdata 

af beregnede kinetiske parametre og på empiriske kinetiske parametre baseret på eksperimenter 

med glycolaldehyd og 1,3-dihydroxyacetone der blev udført og modelleret i denne afhandling. 

Den kinetiske model blev valideret mod sukkerkrakningseksperimenter med glukose, fruktose, 

xylose og erythrulose ved forskellige temperaturer. Den kinetiske model fangede vigtige obser-

vationer fra sukkerkrakning af forskellige sukre ved forskellige temperaturer inklusiv det opti-

male temperaturvindue for optimal udbytte af glycolaldehyd. Den kinetiske model viste nogle 

begrænsninger idet udbyttet af glycolaldehyd generelt blev overestimeret med 5-15%. Tilsva-

rende blev formaldehyd også overestimeret, mens pyruvaldehyd blev underestimeret. Dette in-

dikerer at der kan være begrænsninger i reaktionsnetværket og plads til yderligere forbedringer 

af modellen. Reaktionerne modelleret i dette arbejde blev foreslået på baggrund af eksperimen-

telle observationer, men det er muligt at stofferne dannes ad andre reaktionsveje. Yderligere ar-

bejde for at forbedre modellen kunne være at nærmere undersøge reaktionerne, så det sikres at 

de korrekte reaktioner modelleres. Ydermere er den kinetiske model en isoterm gasfase model 

der negligerer vigtige aspekter såsom lejematerialet og dets interaktion med dråber, og spray 

opførslen, der har vist sig eksperimentelt at være vigtige for processen. 

Denne afhandling bidrager med ny indsigt i sukkerkrakningsprocessen og forbedrer den meka-

nistiske forståelse og optimerer udbyttet af glycolaldehyd. Dette kan hjælpe videre udvikling af 

den mekanistiske forståelse og forbedringer af processen der vil være vigtige ved opskalering af 

processen.  
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Nomenclature 
Abbreviation  

1,2-PG Propylene glycol 
1,6-AHGF  1,6-anhydroglucofuranose 
AC Activated carbon 

ACE Acetol 
AMG Amyloglucosidase, glucoamylase 

AMT Ammonium metatungstate 
BFB Bubbling fluidized bed 

CFB Circulating fluidized bed 

CHEC Research Center for Combustion and Harmful Emission Control 
db Dry basis 

DE Dextrose equivalent number 
DFT Density functional theory 

DHA 1,3-dihydroxyacetone 
DP Degree of polymerization 

DTU Technical University of Denmark 
DUT Dalian University of Technology 
EG or MEG (Mono)ethylene glycol 

EO Ethylene oxide 
FA Formaldehyde 

FCC Fluid catalytic cracking 
FID Flame ionization detector 

FTIR Fourier-transform infrared spectroscopy 
GA Glycolaldehyde 
GC Gas chromatography 

GLO Glyoxal 
HMF Hydroxymethylfurfural 

HPLC High-performance liquid chromatography 
ID Inner diameter 

IR Infrared spectroscopy 
KT KemiTeknik 
LGA Levoglucosan 

MC Mesoporous carbon 

MeOH Methanol 

MFC Mass flow controller 
MG Methyl-D-glucoside 

MVG Methyl vinyl glycolate 
NL Normal liters 
NMR Nuclear magnetic resonance 

PA Pyruvaldehyde 
PEE Paste enzyme-enzyme 

PET Polyethylene terephthalate 
PG Phenyl-D-glucoside 

PHASR Pulse-heated analysis of solid reactions 
PTFE Polytetrafluoroethylene 
SEM Scanning electron microscopy 

SM Supplementary information 



Nomenclature 

 
viii 

TCD Thermal conductivity detector 

TCHF Critical heat flux temperature 
Tw  Solid surface temperature 
WA Water-assisted 

wt% Weight percent 
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1 Introduction 
Biomass represents the most readily available source of renewable carbon and is a promising 

feedstock for sustainable production of chemicals and fuels. While other renewable resources 

such as solar, water and wind can be used to produce heat and power, biomass can potentially 

be used for production of chemicals as well as renewable liquid, solid and gaseous fuels. 

Platform chemicals are important in chemical industry as they are chemicals that can be pro-

duced efficiently and in high quantities and used in further chemical processing to produce a 

variety of useful value-added chemical products and fuels. In the current petroleum-based chem-

ical industry, ethylene and benzene are examples of platform molecules [1]. For a chemical in-

dustry based on renewable resources, new platform chemicals and processes will be needed [2–

4]. 

Sucrose is a chemically well-defined form of biomass, and is produced in high purity and high 

quantities, with a global annual production of 180 million tons in 2018/2019 [5]. Sucrose pri-

marily produced from sugar cane or sugar beet.  

Sucrose can be hydrolyzed to its monomers glucose and fructose, and the monomers can be 

interconverted between one another by isomerization to control the glucose/fructose distribu-

tion. 

It has been shown that fast pyrolysis of glucose at 500–600 °C can be used to produce glycolal-

dehyde in high amounts (up to 74 wt%), along with pyruvaldehyde, formaldehyde, glyoxal and 

acetol when spraying an aqueous glucose solution into a fluidized bed reactor [6–8]. 

Glycolaldehyde is a useful browning agent for food color and flavoring, and this application has 

been the focus of much of the previous applications of the compound [6, 9–13]. However, gly-

colaldehyde is a useful intermediate compound in the preparation of other products and may 

even qualify as a potential renewable platform chemical. It can be used in further chemical con-

version to products such as ethylene glycol by catalytic hydrogenation [14], glycolic acid by mild 

oxidation [15], methyl vinyl glycolate (MVG) [16–18] and ethanol amines [19–21]. 

Ethylene glycol is a large commodity chemical with an annual production capacity of 34.8 mil-

lion tons (2016). Ethylene glycol is primarily used in the synthesis of polyester fibers and PET 

bottles (> 80%), while other uses include antifreeze [22, 23]. 

Ethylene glycol is currently mainly produced from petrochemical ethylene by catalytic oxidation 

to ethylene oxide and subsequently hydration to ethylene glycol [24, 25]. Alternative routes for 

producing ethylene glycol that involve renewable and environmentally friendly alternatives has 

attracted significant attention [26]. A conventional process for producing ethylene glycol from 

sugar involves a number of process steps including fermentation and an ethanol intermediate, 

after which dehydration, oxidation and hydration yields ethylene glycol.  

This PhD project is part of the larger research project “OxyCrack”, which revolves around pro-

ducing oxygenates by cracking sugars (Figure 1) and is a collaboration with Haldor Topsøe A/S. 

In the OxyCrack project, a pilot-scale circulating fluidized bed pyrolysis system is developed for 
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cracking of sugars for oxygenate products (predominantly glycolaldehyde). Haldor Topsøe also 

work on developing a hydrogenation process for oxygenate hydrogenation, e.g. of glycolalde-

hyde to ethylene glycol.  

 

Figure 1: Conventional and Haldor Topsøe process for production of ethylene glycol from sugars [27].
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2 Literature survey 

2.1 Glucose 
Glucose (C6H12O6) is one of the most common organic compounds in nature, and it is the most 

abundant monosaccharide. Glucose exists in different forms and while it was first thought to be 

an open polyhydroxy aldehyde, more than 99% of the molecules exist as a six-membered cyclic 

hemiacetal [28] for the case of solid glucose. Glucose exists mainly as the D-enantiomer form in 

nature, and this enantiomer is therefore the commercially important one. In the crystalline form, 

it is believed to exist in the following three forms: 

 α-glucose monohydrate (C6H12O6•H2O) 

 Anhydrous α-glucose (C6H12O6) 

 Anhydrous β-glucose (C6H12O6) 

In an aqueous solution, D-glucose exists as a mixture of approximately 64% β-D-glucose and 

36% α-D-glucose at room temperature mutarotating between these anomeric forms through the 

open chain aldehyde form as shown in Figure 2 [29, 30]. Small amounts will also exist as five-

membered rings and the open chain form. 

 

Figure 2: Mutarotation and isomerization of glucose in aqueous solution at room temperature [29]. 

Selected physical properties of glucose are listed in Table 1. 
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Table 1: Physical properties of D-glucose [28]. 

 α-D-Glucose α-D-Glucose mono-

hydrate 

β-D-Glucose 

Formula C6H12O6 C6H12O6 •H2O C6H12O6 
aOptical rotation 

[𝜶]𝑫
𝟐𝟎 

112.2o 112.2o 18.7o 

Specific heat of so-

lution (25 °C), 

kJ/kg 

+59.4 +105.1 +26.0 

a Rotation of α/β equilibrium mixture is 52.7o. 

Glucose solubility in water is shown in Figure 3 [31]. 

 

Figure 3: Glucose solubility in water as a function of temperature [31]. 

Viscosity of glucose solutions depend on glucose concentration and temperature as shown in 

Figure 4. 
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Figure 4: Viscosity of various glucose solutions (wt%) at different temperatures [32]. 

 

2.1.1 Glucose production 

For commercial glucose production, starch is currently the only industrially feasible raw mate-

rial, although there have also been efforts to use cellulose, the other natural glucose source [28].  

Starch (Figure 5) is a mixture of amylose and amylopectin, that are polymers of glucose linked 

by α-1,4 and α-1,6 glycosidic bonds, respectively [28].  

 

Figure 5: Constituents of starch showing (A) glucose monomer, (B) amylose, (C) Amylopectin where beads represent monomer 

units, and (D) branch point in amylopectin [28]. 
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Amylose is a linear polymer, and the degree of polymerization (DP) ranges from 200 to 6200 

depending on the source, whereas amylopectin is highly branched and has a higher DP averag-

ing about 2×106 [28]. Amylose and amylopectin content of different starch sources are shown in 

Table 2, where it can be seen that the content varies greatly with source with waxy maize starch 

containing almost no amylose and high-amylose maize starch containing up to 85 wt% db (dry 

base) amylose. 

Table 2: Amylose and Amylopectin content of typical starches [28]. 

Starch source Amylose content, wt% db Amylopectin content, wt% db 

Maize   

    Normal 26–28 72–74 

    Waxy 0–2 98–100 

    High-amylose 55–85 15–45 

Barley 19–23 77–81 

Potato 20–24 76–80 

Rice 14–26 74–86 

Wheat 19–27 73–81 

 

Of the amylose and amylopectin starch components, the amylopectin is the more difficult com-

ponent to enzymatically hydrolyze due to residues being formed from the α-1,6-glycosidic 

bonds, constituting about 4–6% of glucose present. Most hydrolytic enzymes are specific for the 

α-1,4 bonds, but the branch linkages α-1,6 must also be cleaved for complete conversion to glu-

cose [33]. Glucoamylase (amyloglucosidase, AMG) is an enzyme that can hydrolyze both the 

1,4 and 1,6 bonds.  

Glucose syrup products are classified in terms of its dextrose (D-glucose) equivalent number 

(DE), which is a measure of the number of reducing sugars in the product, where pure glucose 

has a DE of 100, pure maltose (disaccharide of two glucose molecules) has a DE of 50, and 

starch has a DE of essentially 0. 

The starch conversion processes involve acid and/or enzyme hydrolysis, and typical product 

specifications are listed in Table 3. The choice of hydrolysis method affects the product compo-

sition, and two syrups with the same DE may have different compositions, as seen for the 42 

DE syrups of acid and acid/enzyme hydrolysis, where it can be seen that the dextrose content 

is considerably higher for acid hydrolysis as compared to the acid-enzyme and enzyme-enzyme 

processes [34]. 
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Table 3: Typical product of different starch hydrolysis methods for glucose syrup production [34]. 

Hydrolysis method DE Total sol-

ids (%) 

Dextrose 

(%) 

Maltose 

(%) 

Maltotriose 

(%) 

Higher 

sugars (%) 

Acid  42 80 19 14 11 56 

Acid-enzyme 42 80 6 44 13 37 

Enzyme-enzyme 45 80 3 52 20 25 

Acid-enzyme 63 80 34 33 10 23 

Paste enzyme-en-

zyme 

95 75 94 4 1 1 

 

A summary of the enzymes used in starch hydrolysis is shown in Table 4. 

Table 4: Enzymes used in starch hydrolysis [28, 34]. 

 Operating conditions Substrate and use 

α-amylase 

 

pH 5–7, 65–70 °C α-1-4 linkages. Produces maltose and 

glucose 

High temperature  

α-amylase 

pH 6, 95–105 °C α-1-4 linkages. Produces maltose and 

glucose 

β-amylase 

 

pH 4.5–5.0, 55–60 °C α-1-4 linkages. Produces predomi-

nantly maltose, with some glucose 

Glucoamylase 

(AMG) 

pH 4.5–5.0, 55–60 °C α-1-4 and α-1-6 linkages (although 

slower).  

Pullulanase Depends on application. Pullula-

nase is often used in conjunction 

with other enzymes that deter-

mine operating conditions. 

α-1-6 linkages. Often used with β-

amylase in production of high-malt-

ose syrups.  

Isomerase pH 7.5–8.0, 60–65 °C Isomerisation of glucose to fructose 

used in production of fructose syr-

ups. 

 

The processes for acid, acid-enzyme and paste enzyme-enzyme hydrolysis of starch will be dis-

cussed in the subsequent sections. 
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2.1.1.1 Acid and acid-enzyme hydrolysis 

A schematic of the acid and acid-enzyme hydrolysis processes is shown in Figure 6. 

 

Figure 6: Acid and acid-enzyme hydrolysis of starch for glucose syrup production. Red lines are exclusive for acid hydrolysis 

process and dashed lines are exclusive for the acid-enzyme process [34]. 

The two processes are very similar with the main difference being that the acid-enzyme has an-

other starch conversion step.  

A 30–40% starch slurry is prepared using soft water to ensure a low amount of calcium. Approx-

imately 200 ppm SO2 is added to the slurry that acts to minimize microbiological spoilage and 

to suppress the Maillard reaction between reducing sugars and proteins that produce color.  

HCl is used to reduce the pH to 1.65, and the slurry is heated to 135–143 °C where the reaction 

is carried out with a residence time of 20 min. 

Sodium carbonate is added to terminate the reaction. The pH is increased to 4.5, which is also 

the isoelectric point of proteins present, which now precipitate from the solution. For the case of 

the acid-enzyme process, the pH is increased to 5.5 where the enzyme-hydrolysis step occurs at 

60 °C with a residence time of 36 h. 

Starch slurry (35–40% 

solids, pH 1.65) 

HCl 

Conversion 

(135–143 oC) 20 

min 

DE 35 – 42  

Indirect hea-

ting 

Neutrali-

zation  

Sodium car-

bonate 

Centrifuge 

and/or  

filtration 

Spent carbon 

Fats, proteins, oils, 

fine fibres and spent 

carbon 

Color  

removal 

Fresh carbon 

Spent carbon 

Ion-exchange cat-

ion-anion 

1. Color removal 

2. Polishing 

Regeneration 

chemicals 

Effluent 

Vacuum eva-

poration 

De-ionized glucose sy-

rup (35–42 DE) final 

solids (75–82 %) 

To enzyme 

tank  

(60 oC, 36h) 

pH 5.5 

pH 4.5 

De-ionized glucose sy-

rup (DE 63)  

final solids (75–82 %) 

β-amylase 

and AMG 
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The subsequent purification, which involves similar steps in the two processes, consists of cen-

trifuge/filtration to remove precipitated proteins as well as any fats, oils and fibers coming from 

the initial starch, carbon treatment for color removal, ion-exchange for removal of color and 

salts and finally vacuum evaporation for concentrating the glucose syrup [34]. 

 

2.1.1.2 Paste enzyme-enzyme hydrolysis 

As with the acid and acid-enzyme hydrolysis processes, the paste enzyme-enzyme (PEE) process 

(Figure 7) also starts with a starch slurry, however the pH is reduced to 3.0 using HCl. The 

acidified starch slurry is pumped to a stream of high pressure steam, where the starch is imme-

diately gelled and sheared, producing a paste for the enzymes to later convert [34]. Subsequently, 

two different steps of enzyme hydrolysis occur at different reaction conditions to produce a high 

(95 DE) glucose syrup. The product purification involves the same unit operations as presented 

for the previous processes. However, the final product has a lower final solids content (75%) to 

avoid crystallization of the product. Furthermore, the product is stored at an elevated tempera-

ture (50–60 °C) to avoid crystallization. 

 

Figure 7: Paste enzyme-enzyme hydrolysis of starch for glucose syrup production [34]. 

If a crystallized product is desired, the syrup is pumped to multiple crystallizers in series where 

solid glucose is crystallized. The crystallization acts as another purification step in that it sepa-

rates the glucose from the 95 DE solution to give glucose crystals that contain 99.9% glucose. 

Sodium metabisulfite (~150 mg/kg) is added prior to the crystallization, as it acts as an oxygen 

scavenger in the final product [34]. 

Starch slurry (35% so-

lids, pH 3.0) 

HCl 

Jet converter 

185 oC, 20 min, 

DE 3  

HP steam 

pH adjust-

ment  

pH 6.0 

Sodium carbo-

nate 

Enzyme tank, 20 

min, 95-105 oC, 

DE 6-8 

Enzyme tank, 

36h, 60 oC 

Purification steps 

(see Figure 6) 

pH adjust-

ment, 60 oC, 

pH 4.7 

HCl 
AMG 

High-temperature 

stable α-amylase 

De-ionized glucose sy-

rup (95 DE) final solids 

(75 %) 
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Fructose is also produced industrially from starch using the same hydrolysis enzymes for pro-

ducing glucose. The enzyme glucose isomerase is then used to catalyze the isomerization of 

glucose to fructose [35, 36]. 

 

2.2 Glycolaldehyde 
Glycolaldehyde is the smallest possible compound that contains both an aldehyde and hydroxyl 

group. It exists as its monomer form only in gas phase, and as a dimer in molten or solid state 

[37]. In aqueous solution, it exists as a mixture of several different species that interconvert as 

shown in Figure 8. Glycolaldehyde dimer has a melting point of 97 °C and a boiling point of 

131 °C. 

State Present species Reference 

Gase-

ous 
 

(possibly other monomeric conformations)  

[38, 39] 

Solid 
 

[38–40] 

Molten 

or aque-

ous so-

lution 

 

       

[38, 39, 41] 

Figure 8: Different forms of glycolaldehyde based on phase as identified by 1H NMR, Raman or infrared spectroscopy. Equilib-

rium composition given for aqueous mixtures, along with selected bands obtained by FTIR spectroscopy. [38–41]. Percentages 

listed are for aqueous solution at room temperature [39]. 

The IR spectrum of glycolaldehyde vapor is shown in Figure 9, with vibrational modes and 

descriptions are shown in Table 5. 
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Figure 9: Experimental (green) and CFOUR-calculated theoretical IR (red) spectra of glycolaldehyde vapor at 25 °C [40]. 

Table 5: Experimental and CFOUR-calculated IR frequencies [40]. IP In-plane, OOP out of plane. 

 IR frequency 

(cm-1) 

 

Mode Exp. Calc. Description 

ν1 3549 3598 O–H stretch, alcohol 

ν2 2885 2877 CH2 symmetric C–H stretch 

ν3 2832 2818 C–H (aldehyde) stretch, very strong 

ν4 1754 1750 C=O stretch 

ν5 1458 1477 CH2 scissors 

ν6 1425 1425 IP CH2 wag 

ν7 1364 1386 IP O=C–H bend 

ν8 1275 1280 IP C–O–H bend and C–C stretch 

ν9 1115 1113 C–O stretch, very strong 

ν10 861 853 C–C stretch 

ν11 752 751 IP C–C=O and H–O–C out-of-phase bend 

ν12 307 273 IP C–C–O and C–C=O in-phase bend 

ν13 2881 2885 CH2 asymmetric C–H stretch  

ν14 1229 1227 CH2 twist; OOP O=C–H bend, very weak  

ν15 ~1084 1096 OOP O=C–C–O bend (ring pucker), very weak, observed on ν9 shoul-

der 

ν16 700 725 OOP C–C–H (aldehyde) wag, very weak 

ν17 360 299 OOP C–O–H and C–C=O out-of-phase wag 

ν18 207 173 OOP C–O–H and C–C=O in-phase wag 

 

Glycolaldehyde was first found to be a major pyrolysis product by Piskorz et al. in 1986 [42], 

who found that it could be produced in fair amounts (~18% yield) from slightly impure cellulose 

IR frequency cm-1 
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(0.04% ash) [42, 43]. It had previously been found that small amounts of impurities in the cellu-

lose feedstock significantly altered the pyrolysis product composition [44]. 

 

2.3 Fluidized bed reactors 
Fluidized bed reactors are used in many different industrial processes such as drying of powders, 

catalytic cracking of petroleum, gas-phase polymer production as well as coal and biomass com-

bustion and gasification [45, 46].  

Fluidized bed reactors are usually vertical cylinders containing a granular bed material. The bed 

is fluidized by injection of gas that lifts the bed. Two characteristic points in fluidized bed reactor 

design are the minimum fluidization velocity 𝑣𝑚𝑓 and the terminal drop velocity 𝑣𝑡 calculated 

from (E 1)–(E 5), that are the gas velocities where fluidization begins and solids are carried out 

of the bed, respectively [47]. (E 2) and (E 4) are empirical correlations. 

 
𝐴𝑟 =

𝑑𝑝
3𝜌𝑔(𝜌𝑝 − 𝜌𝑔)𝑔

𝜇2
 

(E 1) 

 𝑅𝑒𝑚𝑓 = ((33.7)2 + 0.0408𝐴𝑟)1/2 − 33.7 (E 2) 

 
𝑣𝑚𝑓 =

𝑅𝑒𝑚𝑓𝜇

𝑑𝑝𝜌𝑔
 

(E 3) 

 
𝑅𝑒𝑡

2 (
24

𝑅𝑒𝑡
+

4

√𝑅𝑒𝑡

+ 0.4) =
4

3
𝐴𝑟 

(E 4) 

 
𝑣𝑡 =

𝑅𝑒𝑡𝜇

𝑑𝑝𝜌𝑔
 

(E 5) 

𝑑𝑝 is the particle diameter, 𝜌𝑔 and 𝜌𝑝 are the gas and particle densities, 𝜇 is the dynamic viscos-

ity, 𝑔  is the standard gravitational acceleration constant, 𝐴𝑟  is the Archimedes number and 

𝑅𝑒𝑚𝑓 and 𝑅𝑒𝑡 are the Reynolds number at minimum fluidization and terminal drop velocity. 

In many applications such as combustion and gasification processes, the bed material is an inert 

material such as silica sand and its purpose is to act as a heat reservoir and a heat transfer me-

dium to ensure rapid heating.  

In catalytic fluidized beds, the bed material is also an active catalyst for a desired reaction such 

as fluid catalytic cracking (FCC) where hydrocarbons are catalytically cracked using an acidic 

zeolite catalyst [48]. 

Generally there are two types of fluidized bed reactors depending on the gas velocity, namely 

[46] 

 Bubbling fluidized bed (BFB), where the gas velocity is above the minimum fluidization 

velocity and below the terminal drop velocity and the bed material is fluidized, but only 

a limited amount of bed material is carried out of the reactor. 

 Circulating fluidized bed (CFB), where the gas velocity is above the terminal velocity, 

and the bed material is carried out of the reactor but is separated in cyclones and recycled. 
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In FCC reactors, the elutriated catalyst is heated in air to remove surface char that deac-

tivates the catalyst before it is recycled to the cracking reactor (Figure 10). 

 

Figure 10: Example of FCC reactor [49]. 

Figure 11 shows an overview of fluidization regimes based on gas velocity. 

 

Figure 11: Overview of fluidization regimes [50]. 

Different properties are considered when choosing the bed material that include [51]: 

 Mechanical properties such as particle density and resistance to thermal and mechanical 

degradation. In circulating fluidized beds, the gas velocity is higher and it is therefore 

especially important that the catalyst is mechanically strong so attrition is minimized. 

Furthermore, the bed particles may experience temperature gradients such as in the FCC 

system and it is important that the particles do not sinter and agglomerate. 

 Chemical properties such as catalytic activity, resistance to chemical degradation, inter-

actions with e.g. feed impurities 

 Economic aspects such as cost and availability and ease of disposal. 
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2.3.1 Geldart’s particle classification 

Geldart studied the fluidization of particles, and proposed four groups that are clearly recogniza-

ble and characterized by the mean particle size and the density difference between the particles 

and fluidizing medium [52]. The classification is widely used in the design of gas-solid fluidized 

beds. 

 For Group A particles, when the gas flowrate is increased the bed expands considerably 

before bubbling commences. When the gas supply is cut off, the bed collapses slowly. 

Materials with small mean size and/or particle density less than about 1.4 g/cm3 often 

display this behavior. Often used for catalytic reactions e.g. FCC. 

 For Group B particles, bubbling starts at only slightly above minimum fluidization 

(vmb/vmf ≈1) contrary to group A particles. Bed expansion is small and the bed collapses 

rapidly when gas supply is cut off. Most materials in the size and density ranges 40 µm < 

dsv (surface-volume mean diameter) < 500µm, 1.4 g/cm3 < ρp < 4g/cm3 are group B par-

ticles, with sand being the most typical powder. Often used in combustion and gasifica-

tion processes. 

 Group C particles are cohesive particles for which it is difficult to obtain a “normal” 

fluidization of these particles because the interparticle forces are greater than those which 

the fluid exerts on the individual particles. This is generally a result of small particle size, 

strong electrostatic charges or presence of wet or sticky material in the bed. Channels 

tend to be formed where the gas can pass though. Particle mixing and thus heat transfer 

is much poorer for group C powders than groups A or B. Fluidization is made possible 

by using a mechanical stirrer or vibrator to break up stable channels or for some powders 

by addition of sub-micron size fumed silica.  

 Group D particles are large and/or very dense particles, and as such require high fluid 

energy for fluidization typically associated with abrasion. Often behave as spouting beds. 

Typical for drying processes.  

The Geldart’s particle classification is showed in Figure 12. 

 

Figure 12: Geldart’s particle classification [52]. 
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2.3.2 Agglomeration and defluidization 

One of the most important problems with respect to the operation of fluidized bed reactors is the 

occurrence of particle agglomeration at high temperature, where particles adhere to one another 

to form larger particles (agglomerates). This leads to larger particles that are more difficult to 

fluidize, and the process of particle agglomeration is often not observed until a complete deflu-

idization of the bed occurs, which often leads to shutdown of operation [45]. The agglomeration 

often occurs due to inorganics in the feed. The content of inorganic elements in the feed often 

vary, but over time they can accumulate in the bed, increasing the agglomeration until finally 

defluidization occurs and operation must be stopped. The phenomena of agglomeration and 

defluidization are particularly important in thermal conversion of certain biomass fuels, where 

there is a greater risk of agglomeration due to the inorganic elements in the ash [45]. Silica sand 

is often used as the bed material and the inorganic alkali components that are typical impurities 

in the biomass feed are known to form low-melting silicates that can be the source of agglomer-

ation. If the low-melting compounds have a lower melting point than the operating temperature 

of the fluidized bed, they will melt and can act as a glue between the particles in the bed, leading 

to agglomeration and eventual defluidization. However, agglomeration may occur even below 

the melting point due to surface softening and sintering. Therefore, the sintering temperature, 

Ts, is often used and is defined as the minimum temperature at which thermally induced surface 

softening and sintering begins [53]. The minimum sintering temperature is also the point above 

which the minimum fluidization value will not follow that calculated from Ergun’s equation, as 

shown in Figure 13 [54]. 

 

Figure 13: Fluidization diagram with and without sintering [54]. 

Two types of agglomeration mechanisms have been proposed by Visser et al. [55] that are the 

“coating-induced” and “melting-induced” particle agglomeration mechanisms as shown in Fig-

ure 14. For the coating-induced agglomeration, the bed particle is gradually coated with a sticky 

layer and at critical conditions, particles agglomerate due to viscous flow sintering. In the melt-

induced agglomeration, the particles are glued together by a melt phase that closely resembles 

the ash composition [55]. 
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Figure 14: Agglomeration mechanisms showing “coating-induced” (1) and “melt-induced” (2) particle agglomeration. [51, 55]. 

Much research into agglomeration and defluidization has been conducted [5, 16, 19, 25, 34, 52, 

56–66], especially in biomass gasification processes where temperatures are often in the range 

750–900 °C, and the sintering effect of inorganic impurities can influence the fluidization. The 

inorganic impurities are present in the residual ash and it is especially the alkali sodium and 

potassium that can be problematic as they can form low-melting compounds that results in sticky 

bed material. Melting points of selected compounds are shown in Table 6, and can be seen to be 

within the operating temperature range in gasification processes for several compounds. 

Table 6: Melting point of selected compounds [46].  

Compound Melting point, °C 

KCl 770 

NaCl 801 

K2SO4 1069 

Na2SO4 884 

K2CO3 891 

Na2CO3 851 

Silica sand (SiO2) 1450 

Na2O 1132 

K2O 740 

K2O∙SiO2 976 

K2O∙3SiO2 740 

K2O∙4SiO2 764 

Na2O∙2SiO2 874 

3Na2O∙8SiO2 793 

 

Mixtures of the compounds can start melting as low of 520 °C depending on the K content due 

to formation of eutectic melts. However, depending on the types of impurities, higher melting 

eutectics can also be formed, such as when Na or K reacts with Fe2O3 to produce X2Fe2O4 (alkali 

X) with melting points above 1135 °C. Alumina rich compounds can also reduce agglomerate 
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formation due to formation of alkali-aluminates (K2O-Al2O3-SiO2) with high melting points [45, 

46]. 

While the presence of alkali are an important factor in bed-agglomeration and defluidization for 

fluid bed gasification and combustion processes, the operating parameters also play a role. Lin 

et al. [54] investigated agglomeration for high temperature combustion of wheat straw in a flu-

idized bed reactor using silica sand as the bed material. They showed that higher temperature 

increased agglomeration due to increased sintering as the fraction of ash melt increases, and the 

viscosity of the melt is reduced, allowing the ash melt on particles to more easily move to other 

particles. 

Lin et al. [54] also investigated the effect of sand particle size, and found that larger particles led 

to increased agglomeration, explained by that the larger particles have lower specific outer sur-

face area, which results in thicker ash formations. Furthermore, increased particle size will (ce-

teris paribus) also reduce the ratio v/vmf, and the mixing will not be as good as for smaller parti-

cles. Similarly, they found that increasing the gas flowrate reduced the agglomeration, as a 

higher gas flowrate increases mixing and increased breaking forces. 

A number of strategies have been attempted in fluidized bed combustion and gasification pro-

cesses to mitigate agglomeration. Additives have been used to 

 Capture problematic species by chemical adsorption and reactions to convert the low 

temperature melting species into high temperature melting species. 

 Physical adsorption and elutriation of problematic ash species by capturing condensable 

vapors, and fine ash particulates such as aerosols using a porous additive with large sur-

face area that can subsequently be carried out of the system. 

 Increasing biomass ash melting temperature by introducing more inert materials such as 

SiO2 and Al2O3 into ash residues. 

 Hindering sintering by diluting ash with additives [67]. 

Other mitigation strategies include use of alternative bed materials or blending of biomass with 

other fuels that contain lower alkali or higher elements such as Fe or Al that form higher melting 

eutectics [46].  

Olofson et al. [68] investigated the use of other materials as magnesite (84.4% MgO, 4% SiO2) 

and mullite (75% Al2O3, 24.5 SiO2), and found that they had reduced agglomeration tendency 

compared to quartz sand (98% SiO2) when investigating fluidized bed combustion in the tem-

perature range 670–870 °C. 

As discussed, agglomeration has been studied in depth for combustion and gasification (~700–

950 °C) processes and is closely related to the formation of low-melting inorganic ash com-

pounds.  

However, particle agglomeration can also occur at lower temperatures during fast pyrolysis of 

biomass (300–700 °C) in fluidized bed reactors. However, the nature of the agglomeration here 

is completely different, as the agglomeration are more likely to be due to the formation of char-

char and char-sand agglomerates rather than ash or sand-sand agglomerates [69–71]. Burton and 
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Wu [69] investigated bed agglomeration during fast pyrolysis of mallee leaf (355–500 µm, 3.8% 

ash) in fluidized bed of silica sand (125–355 µm) operated at 300–700 °C. They considered any 

particles of size > 500 µm to be agglomerates and defined the agglomeration yield as the ratio of 

the mass of materials > 500 µm to the total mass of the bed after pyrolysis. They distinguish 

between two types of agglomerates namely solvent-insoluble and solvent-soluble agglomerates, 

that can be broken up by washing with a 4:1 chloroform/methanol mixture. Selected results are 

shown in Figure 15, where it can be seen that the operating temperature influences the amount 

and type of agglomerates formed. At lower temperature, the agglomeration yield is higher (16.5 

wt% db at 300 °C) and is primarily solvent-insoluble. Increasing the bed temperature reduces the 

agglomeration yield, while the type of agglomeration is also changed and at 500 °C, the agglom-

erates are primarily solvent-soluble. The effect of holding time (time after biomass feeding 

stopped) shows that there is an initial decrease in solvent-soluble agglomeration yield, however 

after 15 min the agglomeration yield is constant, indicating that there is some amount of solvent-

soluble agglomeration yield that can be reversed by attrition. An example picture of particle 

agglomerating is shown in Figure 16, which clearly shows char-sand agglomeration. Further-

more, the char particles are generally reported to be of round shape, which could suggest that 

partial melting of char particles occur, which could contribute to char-char agglomeration for-

mation [69].         

 

Figure 15: Fast pyrolysis as a function of bed temperature with a holding time of 15 min (left) and as a function of holding time 

at 500 °C (right). Experiments carried out using 20 g silica sand and a biomass feeding rate of 0.5 g/min with a feeding time of 

4 min. < 2 s residence time of fluidizing argon gas [69].  
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Figure 16: Optical image of a bed agglomerate from a pyrolysis experiment at 500 °C at 15 min holding time [69]. 

 

2.3.3 Liquid injection in fluidized bed reactors 

Liquid injection in fluidized bed reactors is used in the fluid catalytic cracking (FCC) process, 

and provides many advantages compared to injection in gaseous form [72, 73]. As the liquid 

evaporate in the interior of the bed, liquid injection allows for cost saving for evaporation in heat 

exchangers outside the reactor. Also, for the case of strongly exothermic reactions, it can be used 

to avoid hot-spots near the nozzle exit due to the heat of evaporation [72]. 

Much investigation has been carried out within the mechanism of fluid injection in fluidized 

beds, and several different mechanisms have been proposed [72]. For the early modeling of liq-

uid injection in FCC reactors, it has often been assumed that the injected liquid evaporates in-

stantaneously at the nozzle exit [74]. Another approach has been to assume the instant genera-

tion of feed droplets of the nozzle exit that subsequently move and evaporate individually within 

that gas phase. In fluidized bed granulation, instantaneous droplet formation at the nozzle exit 

has also been assumed, but here the droplets are assumed to hit the fluidized bed material, form-

ing a liquid layer on the solids, from which the evaporation happens [75]. Bruhns and Werther 

[72] investigated the effect of liquid injection into fluidized beds by injection of water and ethanol 

in a bubbling fluidized bed at temperatures between 120 and 180 oC. They found that even 

though the reactor was operated at a temperature above the boiling point, no instantaneous 

evaporation occurred. Instead, they found that the injected liquid penetrates the fluidized bed, 

wetting the fluidized bed solids near the nozzle exit. Subsequently, agglomeration of wetted solid 

particles occur and the agglomerates are transported into the interior of the bed, where evapora-

tion occurs from the particle surface and the agglomerates break up [72]. They also found that a 

high solid volume concentration (30–40%) seems to suppress atomization of the injected liquid. 

Their proposed mechanism for liquid injection into fluidized bed reactors is shown in Figure 17 

(A) [72]. In comparison, for the case of the liquid injection mechanism in a gaseous environment 

(no bed material) proposed by Lefebvre shown in Figure 17 (B) [76] atomization of the injected 

liquid occurs, whereas in the case of a fluidized bed reactor, the solids seem to suppress atomi-

zation [72]. 
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Figure 17: (A) Proposed mechanism for liquid injection in fluidized bed [72] and (B) proposed mechanism for liquid injection 

in gaseous environment [76]. 

However, it should be noted that the temperature range (120–180 oC, injection at 20 oC) investi-

gated by Bruhns and Werther [72] is significantly lower than the operating conditions typically 

applied in the FCC process (injection at 200–300 oC, operating at 600–700 oC [72]) and aqueous 

sugars pyrolysis temperatures of ~500–600 oC [6], and it could be expected that a larger fraction 

of the liquid will evaporate before meeting the solid fluidized bed material at higher tempera-

tures. 

Formation of stable agglomerates can be detrimental for fluidized bed operation, as it can lead 

to defluidization and poor heat and mass transfer, which are the main advantages of using a 

fluidized bed. 

Ariyapadi et al. [77] investigated the horizontal penetration depth of the spray pocket formed 

from the interaction with the fluidized bed, and developed a model to calculate the penetration 

depth. In this pocket where the feed is sprayed, the particle concentration (and thus heat transfer) 

is significantly lower than in than in the remainder of the bed. Their model consists of bed oper-

ation effects, spray operating conditions at exit orifice and the nozzle geometry. They argue that 

the nozzle geometry effects are especially important. 

Cocco et al. [28] also studied liquid injection in fluidized bed. They used a room temperature 

setup and high-speed video imaging to capture the effect of injection of gas/solid jets to a fluid-

ized bed. They found that agglomerates were formed along the jet, but that they broke up into 

smaller particles as they traveled along the jet [78]. 

The liquid spray droplets can interact with the hot solid bed material particles in different ways 

depending on the conditions e.g. the kinetic energy of the droplets and the temperature of the 

solid surface. These regimes are shown in Figure 18 and can be discussed in terms of the We 

(Weber) number: 

 
𝑊𝑒𝑑𝑔 = 𝑣𝑟𝑒𝑙

2
𝑑𝜌𝑔

𝜎
 

(E 6) 

Where vrel is the difference between linear gas velocity and liquid velocity, d the droplet diameter, 

ρg the density of the gas and σ the surface tension of the droplets.  
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Figure 18: Regimes for droplet impacting solid surface with temperature Tw as a function of droplet kinetic energy (expressed 

as We). TPA: Pure adhesion temperature, TCHF: Critical heat flux temperature [79]. 

Depending on the We number and the solid surface temperature, the interaction can be very 

different. If the temperature and We number are low, the droplets will stick or spread on the 

surface, or boiling induced break-up may occur [79]. When liquid droplets stick or spread on the 

particle surface in the fluidized bed, the wet particle may come into contact with other particles 

before complete evaporation. This may lead to formation of agglomerates with the liquid acting 

as a glue if the evaporation rate is not sufficiently high. If the temperature and We number are 

higher, rebound and break-up (or a combination thereof) may occur instead, which is considered 

advantageous to minimize formation of agglomerates as it allows for a high heat transfer while 

avoiding prolonged contact between droplets and particles. If the temperature of the solid surface 

is sufficiently high compared to the boiling point of the droplet, a vapor cushion may be formed 

as the droplet approaches the particle surface, which pushes back the droplet and prevents solid-

liquid contact altogether. Despite the higher particle temperature, this results in lower heat trans-

fer from the particle and the effect is called the Leidenfrost effect. 

Mitra et al. [80] investigated acetone injection into a fluidized bed with a high-speed camera. 

They found several different kinds of droplet-particle interactions such as jet breakup of droplets, 

resuspension of solid particles due to vapor explosions, coalescence of droplets, levitation of 

droplets, droplet shape deformation and nucleate droplet boiling. 

Modelling of droplet evaporation in fluidized beds has been investigated by e.g. [73, 75, 80, 81], 

and CFD has often been applied. 

A simple model for evaluation of droplet evaporation is the d2-law, which considers stationary 

droplet evaporation [82]: 
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𝑡𝑑 =

𝐷0
2

𝐾
 

(E 7) 

 
𝐾 =

8𝑘𝑔

𝜌𝑙𝑐𝑝𝑔
ln (1 + 𝐵𝑞) 

(E 8) 

 
𝐵𝑞 =

𝑐𝑝𝑔(𝑇∞ − 𝑇𝑏𝑜𝑖𝑙)

ℎ𝑓𝑔
 

(E 9) 

   

𝑐𝑝𝑔 (heat capacity of droplet) and 𝑘𝑔 (thermal conductivity) are evaluated at the mean tempera-

ture of boiling point and free-stream temperature. ℎ𝑓𝑔 is heat of vaporization, 𝐷0 is initial droplet 

size, 𝑡𝑑 time for complete vaporization, 𝜌𝑙 droplet density and 𝑇∞ and 𝑇𝑏𝑜𝑖𝑙 are bulk and droplet 

boiling temperature, respectively. 

The d2-law does not consider interactions with particles, which will also influence the evapora-

tion rate. However, the model may be useful to evaluate the evaporation prior to contact with 

particles. 

 

2.4 Fast pyrolysis  

2.4.1 Fast pyrolysis of saccharides 

Fast pyrolysis is a process in which a feedstock is rapidly heated to a final temperature of 500–

600 °C in the absence of oxygen [83]. The feedstock thermally decomposes, produces vapors and 

is subsequently quenched to form a brown liquid, while simultaneously producing char and non-

condensable gases (such as CO, H2, CO2 and CH4). When biomass is pyrolyzed, the liquid prod-

uct is referred to as pyrolysis oil, bio-oil or bio-crude. The product yields depends on the feed-

stock, operating temperature, heating rate and vapor residence time. Fast pyrolysis is one of 

several modes of pyrolysis, summarized in Table 7. 

Table 7: Different modes of pyrolysis showing product composition on dry basis [84]. 

Pyrolysis mode Conditions Liquid Char Gas 

Fast 
~500 oC, short hot vapor resi-

dence time ~1 s 

75% 12% 13% 

Intermediate 
~500 oC, hot vapor residence 

time ~10–30 s 

50% in 2 phases 25% 25% 

Carbonization 

(slow) 

~400 oC, long vapor residence 

time - hours to days 

30% 35% 35% 

Gasification ~750–900 oC 5% 10% 85% 

Torrefaction (slow) 
~290 oC, solid residence time 

~ 10–60 min 

0% unless condensed, 

then up to 5% 

80% 20% 

 

It can be seen that depending on the operating conditions, any of the three products can be either 

a minor product or the main product. Toft [85] performed fast pyrolysis of poplar wood in a 
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fluidized bed reactor at atmospheric conditions at various temperatures as shown in Figure 19. 

The product distribution varies significantly with reaction temperature. A maximum bio-oil 

yield is obtained at around 500 °C. By performing fast pyrolysis at higher temperatures, the char 

yield can be reduced to below 10%. However simultaneously, a shift from condensable liquid 

products towards non-condensable gases is observed. The pyrolysis process conditions strongly 

influence the product composition and can be adjusted to accommodate the desired product 

composition. 

 

Figure 19: Yield of bio-oil, gas and char from fast pyrolysis of poplar wood in a fluidized bed at atmospheric pressure. Residence 

time less than 2 seconds [85]. 

Much work has gone into determining the products formed from fast pyrolysis and to character-

ize the bio-oil. 

Mettler et al. [86, 87] performed thin-film pyrolysis at 500 oC with a heating rate in excess of 

1,000,000 K/min utilizing microscale samples of various degrees of polymerization (DP). They 

used cellulose (avg. DP = 133), cellodextrins (DP = 2–6) and glucose (DP = 1). Similarly, Pat-

wardhan et al. [88] also studied pyrolysis of various saccharides at 500 oC in a microscale pyrol-

ysis reactor. Product yields in the two studies are shown in Table 8. 

  

Bio-oil 

Gas 

Char 
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Table 8: Pyrolysis experiments of various cellulose-derived materials at 500 oC showing yields of major pyrolysis products re-

ported as wt% yield. HMPC 2-hydroxy-3-methyl-2-cyclopenten-1-one, HMF 5-hydroxymethyl furfural, 1,6-AHGF 1,6-anhy-

droglucofuranose, DAGP 1,4;3,6-dianhydro-α-D-glucopyranose, DHDHMP 2,3-dihydro-3,5-dihydroxy-6-methyl-4H-Pyran-4-

one. [86, 88]. * Assumed 70 wt% carbon in pyrolysis char. C-2, C-3 etc. are cellobiose, cellotriose etc. 

 Patwardhan et al. 
[88] 

Mettler et al. [86] 

  Glu-

cose 

C-2 Cel-

lu-

lose 

Glu-

cose 

C-2 C-3 C-3 C-4 C-5 Cel-

lu-

lose 

Formic acid 7.52 10.05 6.59 4.3 3.1 4.1 3.5 3.5 2.5 17.0 

Furan/acetone 1.25 0.84 0.73 0.2 0.2 0.2 0.2 0.1 0.2 0.2 

Glycolaldehyde 6.62 7.12 6.69 6.0 5.4 6.1 5.8 6.2 6.0 8.8 

acetic acid 0.07 0.04 0.04 0.7 0.7 0.7 0.5 0.7 0.4 0.7 

2-methyl furan 1.03 0.62 0.37 0.3 0.3 0.4 0.4 0.3 0.3 0.2 

2-furan metha-

nol 

0.6 0.6 0.54 0.5 1.1 1.2 1.2 1.3 1.1 0.4 

5-methyl furfu-

ral 

0.92 0.54 0.24 0.4 0.4 0.5 0.5 0.5 0.6 0.5 

HMPC 0.33 0.06 0.21 0.1 0.1 0.1 0.1 0.1 0.1 0.2 

levoglu-

cosenone 

0.16 0.41 0.35 0.1 0.1 0.1 0.1 0.1 0.2 0.5 

HMF 7.7 8.74 2.76 8.3 11.2 10.1 7.9 8.1 8.6 2.9 

Levoglucosan 7.00 24.36 58.78 2.7 7.6 7.9 8.0 11.3 17.2 26.9 

1,6-AHGF 3.90 3.89 4.08 2.3 1.6 1.2 0.9 1.2 1.6 1.4 

Acetol 1.14 0.52 0.3 - - - - - - - 

2-furaldehyde 8.35 6.67 1.26 - - - - - - - 

3-furan metha-

nol 

0.15 0.21 0.25 - - - - - - - 

Anhydro xy-

lopyranose 

0.05 1.13 2.95 - - - - - - - 

Other anhydro 

sugar 

2.54 0.9 1.43 - - - - - - - 

1,2-cyclopen-

tanedione 

- - - 0.1 0.3 0.2 0.3 0.4 0.4 0.4 

DAGP - - - 0.3 1.0 1.3 1.4 1.7 1.7 2.0 

Ascopyrone P - - - 0.3 0.7 0.8 0.9 1.1 1.8 2.8 

DHDHMP - - - 0.6 0.5 0.4 0.3 0.3 0.3 0.4 

furfural - - - 2.4 2.3 1.9 1.6 1.5 1.7 1.1 

2,5 dimethyl fu-

ran 

- - - 0.3 0.4 0.4 0.3 0.3 0.3 0.5 

2-furanone - - - 0.2 0.4 0.4 0.4 0.4 0.4 0.5 

methyl glyoxal - - - 4.7 2.4 3.3 2.2 2.2 1.9 6.0 

formaldehyde - - - 0.3 3.7 4.5 4.3 3.7 3.3 2.9 

hydroxyacetone - - - 0.4 0.5 0.6 0.4 0.5 0.6 1.9 

2,3 butanedione - - - 0.3 0.3 0.5 0.4 0.4 0.4 0.6 

glyoxal - - - 0.3 0.3 0.6 0.7 0.5 0.4 1.3 

CO - - - 1.5 2.1 2.4 2.6 2.3 2.3 3.2 
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CO2 - - - 4.1 5.7 6.8 7.1 6.2 5.9 5.5 

Char 9.84 9.73 5.35 13.5* 14.6* 15.9* 18.2* 20.4* 16.4* 8.2* 

Total accounted 

for 

59.17 76.43 92.92 55.3* 66.9* 72.4* 70.2* 75.4* 76.8* 96.9* 

 

It is shown from both studies that the product yield is strongly influenced by the effect of DP. 

The yield of levoglucosan (LGA) increases with increasing DP from 2.7 wt% for glucose to 26.9 

wt% for cellulose in the experiments by Mettler et al. [86]. In the experiments by Patwardhan et 

al. [88] the yield of levoglucosan increases more significantly from 7.00 wt% using glucose (mon-

omer) to 24.36 wt% for cellobiose (dimer) and 58.78 wt% for cellulose (polymer). Patwardhan 

et al. had performed an acid treatment to remove impurities prior to pyrolysis experiments while 

such a step was not reported in the experiments by Mettler et al. [86]. Inorganic impurities are 

known to strongly influence the product distribution in biomass pyrolysis and this will be dis-

cussed in section 2.4.1.1. 

The amount of furans produced is 2–3 times higher for lower molecular weight feedstocks com-

pared to cellulose. Furans are likely connected to the char yield, as furans have been shown to 

polymerize and form humins [89]. The char yield was in the range 11.2–16.8 wt% for DP = 1–6 

while it was only 6.7 wt% for cellulose and the difference could be due to less furan formation. 

The yield of light oxygenates such as formic acid and glycolaldehyde does not change substan-

tially in the range of DP 1–6, whereas they are significantly higher for cellulose in the experi-

ments by Mettler et al. [86]. This was however not observed by Patwardhan et al. [88]. 

Furthermore, it should be noted that the total mass balance in Table 8 are very different between 

lower DP and higher DP, with only 52.9 and 59.17 wt% mass accounted for in the glucose ex-

periments and 95.4 and 92.92 wt% for the cellulose experiments. Levoglucosan is the product 

that changes the most between these experiments, and as the mass balances of the experiments 

are generally low when the yield of levoglucosan is low, it cannot be said what is produced 

instead when the levoglucosan yield is low. While Patwardhan et al. did not report yields of CO 

and CO2, they were reported in the experiments by Mettler et al. who found CO and CO2 yields 

in the range 1.6–3.1 and 2.8–4.5 wt%, respectively, indicating that the change in mass balance 

is not due to increased formation of permanent gases for glucose pyrolysis. 

In an attempt to distinguish the primary and secondary reactions occurring during cellulose py-

rolysis, Patwardhan et al. [90] performed and compared the fast pyrolysis of cellulose in a micro-

scale pyrolyzer with a vapor residence time of 15–20 ms with the fast pyrolysis of cellulose in a 

fluidized bed reactor, where the vapor residence time was 1–2 s. The fluid be reactor used a feed 

rate of 100 g/h, silica as the bed material and nitrogen as the fluidizing gas. The micro-pyrolyzer 

experiment used ~500 µg cellulose and helium as the sweep gas. The idea was that the short 

residence time on the micropyrolyzer experiment would allow for the primary pyrolysis reac-

tions to occur, but would not allow for the secondary reactions to occur. In the fluid bed reactor, 

the residence time is sufficiently long for both primary and secondary reactions to occur [90]. 

Based on the results in Table 9, they argue that the major secondary reaction was oligomeriza-

tion of levoglucosan to oligomeric sugars. 
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Table 9: Product yields from the pyrolysis of cellulose at 500 °C using a micro-pyrolyzer and a fluid bed reactor. Numbers are 

in wt% [90]. 

Compound Micro-py-

rolyzer 

(15–20 ms) 

Fluid bed reac-

tor 

(1–2 s) 

CO 0.7 4.3 

CO2 3.3 3.9 

Other gases (H2, CH4, C2H6 and C3H8) n.d. 4.2 

Formic acid 6.6 7.5 

Furan/acetone 0.7 0.1 

Glycolaldehyde 6.7 5.4 

Acetic acid 0.0 0.1 

2-methyl furan 0.4 0.0 

Acetol 0.3 0.8 

2-furaldehyde 1.3 0.3 

2-furan methanol 0.5 0.0 

3-furan methanol 0.3 0.0 

5-methyl furfural 0.2 0.1 

2-hydroxy-3-methyl cyclopenten-1-one 0.2 0.0 

Levoglucosenone 0.4 0.0 

5-hydroxymethyl furfural 2.8 0.0 

Anhydro xylopyranose 3.0 0.0 

Levoglucosan 58.8 42.0 

1,6-anhydroglucofuranose 4.1 0.0 

Char 5.4 2.2 

Water 4.0 5.7 

Glucose hydrolysable oligomeric sugars 0.0 ~20 

Total ~100 ~97 

 

Selected pyrolysis studies of various authors are summarized in Table 10. Generally, more mass 

is accounted for with increasing DP. Furthermore, the most notable effect is the yield of LGA, 

which increases significantly for higher DP, being as high as 70 wt% for cellulose. While the 

yield of LGA is highest for cellulose pyrolysis, it can vary a lot between different publications. 

For example, for cellulose pyrolysis at 500 °C in micropyrolyzers, Mettler et al. [86] report 26.9 

wt% LGA, while Patwardhan et al. [88, 90] and Zhou et al. [91, 92] report LGA yields in the 

range 54.5–58.8 wt%. 
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Table 10: Pyrolysis of various saccharides in micro-pyrolyzers (MP) and fluid bed (FB) reactors showing yield of selected prod-

ucts in wt%. * Assumed 70 wt% carbon in pyrolysis char. GA: Glycolaldehyde, LGA: Levoglucosan, HMF: 5-hydroxymethyl 

furfural. 

Substrate Tempe-

rature 

(°C) 

GA LGA HMF CO CO2 Char H2O Total 

mass 

bal-

ance 

Ref, 

com-

ment 

Glucose 500 6.0 2.7 8.3 1.5 4.1 11.2* n.d. 52.9* [86], MP 

Glucose 500 6.62 7.00 7.70 n.d. n.d. 9.84 n.d. 59.2 [88], MP 

Glucose 500 5.21 8.10 4.93 1.20 7.56 9.34 18.96 68.6 [91], MP 

C-biose 500 5.4 7.6 11.2 2.1 5.7 12.0* n.d. 64.3* [86], MP 

C-biose 500 7.12 24.36 8.74 n.d. n.d. 9.73 n.d. 76.4 [88], MP 

C-biose 500 7.14 27.33 3.35 1.11 6.10 5.72 14.88 77.3 [91], MP 

C-triose 500 6.1 7.9 10.1 2.4 6.8 13.1* n.d. 69.6* [86], MP 

C-tetraose 500 5.8 8.0 7.9 2.6 7.1 15.0* n.d. 66.9* [86], MP 

C-pen-

taose 

500 6.2 11.3 8.1 2.3 6.2 16.8* n.d. 71.8* [86], MP 

C-hexaose 500 6.0 17.2 8.6 2.3 5.9 13.5* n.d. 73.9* [86], MP 

Maltose 500 8.41 20.51 8.87 n.d. n.d. 6.33 n.d. 67.6 [88], MP 

M-hexaose 500 6.09 33.11 6.79 n.d. n.d. 4.80 n.d. 79.5 [88], MP 

M-hexaose 500 8.46 33.11 1.75 1.23 6.11 5.51 14.00 79.19 [91], MP 

Cellulose 400 4.81 69.50 1.28 1.62 4.64 3.09 4.64 103.63 [91], MP 

Cellulose 450 6.30 60.71 1.32 1.61 5.06 4.33 6.50 100.97 [91], MP 

Cellulose 500 7.88 54.50 0.92 1.84 3.57 4.57 6.86 95.39 [91], MP 

Cellulose 500 8.8 26.9 2.9 3.2 5.5 6.7 n.d. 95.4 [86], MP 

Cellulose 500 6.69 58.78 2.76 n.d. n.d. 5.35 n.d. 92.9 [88], MP 

Cellulose 500 6.7 58.8 2.8 0.7 3.3 5.4 4.0 ~100 [90], MP 

Cellulose 500 5.4 42.0 0.0 4.3 3.9 2.2 5.7 ~97 [90], FB 

Cellulose 550 6.56 53.34 1.10 2.09 2.99 3.98 5.97 91.82 [91], MP 

Cellulose 600 6.05 50.85 1.06 2.60 3.91 2.77 4.16 87.57 [91], MP 

 

The large difference between glucose and cellulose on the yield of LGA may be related to ring-

opening. Glucose can ring-open, and subsequent reactions lead to light oxygenates, furans and 

other products, while the yield of the anhydrosugar levoglucosan is low. The chemical structure 

of cellulose does not allow it to ring-open in this way (only at the reducing end), and when 

pyrolysis occurs from the cyclic form, LGA is the favored product. Chen et al. [93, 94] investi-

gated the selective production of LGA from glucose by performing a “ring-locking” of the cyclic 

glucose to inhibit the reaction pathways from the chain-form of glucose. This ring-locked glucose 

was preparing by modification at the C1 position by substituting the –OH group with an alkoxy 

or phenoxy group and the general scheme is shown in Figure 20. 
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Figure 20: Schemes of sugar pyrolysis to yield levoglucosan by a) direct pyrolysis of glucose and b) substitution of –OH with –

OR at C1-position in glucose and subsequent pyrolysis [93]. 

Using this approach, they prepared α and β forms of methyl-D-glucoside (MG) and phenyl-D-

glucoside (PG). They then performed thin-film pyrolysis at 600 °C for 20 s in a pyroprobe 

GC/FID, and the resulting levoglucosan selectivity is shown as a function of conversion (varied 

changing carrier gas contact time) in Figure 21. 

 

Figure 21: Selectivity of LGA using glucose and different glucosides at 600 °C for 20 s [93]. 

They also performed DFT calculations in Gaussian 09 using the B3LYP functional with the 6-

31G(d,p) basis set. They calculated different reaction pathways (Figure 22) for different substit-

uents and found that the energy barrier for the ring opening reaction (P-1) was significantly in-

creased when substituting the C1-group with methoxy (R=Me) or phenoxy (R=Ph) groups. The 

energy barrier increases from 37.3 kcal/mol for R=H to 85.0 and 86.2 for R=Ph and R=Me, 

respectively. Furthermore, the DFT calculation for the energy barriers predict that the P-2 and 

P-3 pathways both decrease when the substituting with R=Me or R=Ph. 
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Figure 22: Reaction pathways of glucose/glucosides and energy barriers for key reaction. [93] 

 

2.4.1.1 Effect of inorganic impurities 

Minerals in biomass influence the pyrolysis product distribution [66, 95]. Piskorz et al. [42, 96–

104] investigated pyrolysis of biomass. They reported that the pyrolysis product distribution was 

strongly influenced by whether the biomass was pretreated by mild acid hydrolysis to reduce the 

ash content [104]. Selected results are shown Table 11. The results show that the pretreatment 

can reduce the ash content and influence the pyrolysis product composition. The glycolaldehyde 

yield was found to be lower and the levoglucosan yield was found to be increased after the pre-

treatment. 

Table 11: Pyrolysis of treated and untreated poplar wood and stake cellulose [104]. 

          Poplar wood         Stake cellulose 

Treatment Untreated Pretreated Untreated Pretreated 

Temperature, oC 497 501 500 490 

Ash, wt% 0.46 0.04 2.5 0.32 

LGA, wt% 3.043 30.42 0 27.3 

GA, wt% 10.03 0.37 17.1 0.4 

Total mass balance, wt% 96.5 93.7 97.9 94.3 

 

Patwardhan et al. [90] also investigated the effect of inorganic salts on the cellulose pyrolysis 

products. They investigated the effect of different alkali and alkaline earth metal chlorides (Fig-

ure 23) as well as the effect of different anions (Figure 24). 
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Figure 23: Effect of alkali and alkaline earth metal chlorides on selected cellulose pyrolysis products at 500 °C. Abscissa shows 

mmol salt/g cellulose, and the ordinate shows the wt% of compounds formed [90]. Legend: NaCl (■), KCl (●), MgCl2 (□) and 

CaCl2 (○). 
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Figure 24: Effect of different anions on selected cellulose pyrolysis products at 500 °C. Abscissa shows mmol salt/g cellulose, 

and the ordinate shows the wt% of compounds formed [90]. Legend: Ca(OH)2 (■), CaCO3 (□), Ca(NO3)2 (▲), CaHPO4 (●) 

and CaCl2 (○). 

From Figure 23 it can be seen that for the case of the levoglucosan yield, a steep decline in yield 

is observed for even small additions of the salts, with the effect from strongest to lowest being 

K+ > Na+ > Ca2+ > Mg2+. While the levoglucosan yield decreases with any salt addition, the 

formic acid and glycolaldehyde yields increase dramatically for small salt addition, after which 

they decline. The glycolaldehyde yield seems to have an optimum for small additions of alkali 

chlorides, as it was observed to increase from 6.6 wt% when no salts were added to approxi-

mately 30 wt% when only 0.006 mmol NaCl/g cellulose was added. 

The effect of NaCl on biomass pyrolysis was investigated by Zhou et al. [105–107] who pyro-

lyzed impregnated samples of  glucose, cellobiose, maltohexaose and cellulose. Selected results 

are shown in Figure 25. The results show that the yield of levoglucosan is generally higher for 
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higher DP as seen before. NaCl generally decreases the yield of levoglucosan, however this trend 

is less apparent for glucose than for higher DP materials. They also performed a series of exper-

iments with increasing NaCl content for levoglucosan pyrolysis. Here they found that with no 

added NaCl, levoglucosan did not react during the pyrolysis and the yield was 100%. However 

at increasing NaCl doping, the levoglucosan yield was lower at 84.69 ± 1.52 wt% and 65.57 ± 

10.23 wt%. The yield of glycolaldehyde is lower for all amounts of NaCl for glucose than for the 

other compounds. The highest yield of glycolaldehyde (15.63 ± 0.20 wt%) is obtained for cellu-

lose at 0.05 mmol NaCl/g cellulose, while the lowest (3.34 ± 1.32 wt%) is obtained for glucose 

at 0.08 mmol NaCl/g glucose. For cellulose, the glycolaldehyde yield was found to initially 

increase with increasing amounts of NaCl. However, the effects were much less profound than 

those reported previously by Patwardhan et al. [58] (Figure 23), who observed a dramatic in-

crease in the yield of glycolaldehyde for cellulose pyrolysis from 7 wt% at 0 mmol/g cellulose to 

approximately 30 wt% at 0.006 mmol/g. 

  

  

Figure 25: Fast pyrolysis of different saccharides impregnated with different amounts of NaCl at 500 °C. The experiments were 

carried out in a micropyrolyzer [105]. 
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2.4.1.2 Mechanism and kinetics of cellulose decomposition 

On the mechanism of cellulose pyrolysis, the Broido-Shafizadeh mechanism presented in 1979 

[108] has been widely accepted, and a schematic is shown in Figure 26. The model is based on 

the observed mass loss during cellulose pyrolysis and describes the low pressure decomposition 

of cellulose that comprises of three first order reactions. First, the cellulose must be converted to 

an “active cellulose” state by a first order initiation reaction where no mass loss is observed, after 

which further decomposition occurs. The decomposition of the “active cellulose” is proposed to 

occur by two competing first order reactions with one forming volatiles, and the other forming 

char and gases. The first pathway is the volatilization pathway that is favored at higher temper-

atures and involves depolymerization of cellulose to form levoglucosan and its breakdown prod-

ucts that are lumped together as “volatiles”, while the second pathway that forms char and gases 

is favored at lower temperature as seen from the activation energies in the rate expressions [42, 

108, 109]. It should be noted that the model assumes that 65% of the mass produced in the char 

formation pathway is lost as gases. Figure 26 also shows a modification to the Broido-Shafizadeh 

model that accounts for secondary decomposition of volatiles [42]. The primary volatiles are 

postulated to be anhydrosugars, that are products of transglycosylation (Figure 27), of which 

levoglucosan appears to be the major product. 

 

Figure 26: Reaction scheme for the Broido-Shafizadeh cellulose pyrolysis model [108] as well as the extension by Piskorz et al. 

[42] (marked with dashed line) that includes secondary decomposition of volatiles. 
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Figure 27: Transglycosylation, the postulated mechanism of volatile formation in cellulose pyrolysis [42]. Adapted from [110]. 

It has been shown that char formation can take place at more than one stage. Primary chars can 

be formed by cellulose in the initial stages of reaction, whereas secondary chars can be formed 

by levoglucosan [45, 59, 108, 111–114].  

Furthermore, glycolaldehyde is a major pyrolysis product, and its formation required an exten-

sion to the kinetic model. Richards found that glycolaldehyde is not formed by secondary de-

composition of levoglucosan, by rather by another pathway before the formation of levoglucosan 

[115]. This was also suggested by Banyasz et al. [116], who performed pyrolysis of cooled pyrol-

ysis tars as well as levoglucosan and found that neither produced glycolaldehyde, whereas the 

pyrolysis of glucose did produce glycolaldehyde, along with formaldehyde and carbon monox-

ide. The mechanism of cellulose pyrolysis proposed by Banyasz et al. [116] is shown in Figure 

28 and includes two char formation pathways, competing pathways for hydroxyacetaldehyde 

(glycolaldehyde) and levoglucosan production. 

 

Figure 28: Cellulose pyrolysis mechanism proposed by Banyasz et al. [116]. Adapted from [109]. 

Lin et al. [117] studied kinetics and chemistry of cellulose pyrolysis using a pyroprobe reactor 

and a TGA-MS to provide a more detailed chemical speciation of the cellulose pyrolysis prod-

ucts. Their mechanism is shown in Figure 29. They propose that the first step in the decomposi-

tion pathway occurs at 200 °C are reversible reactions in the solid cellulose that are similar to 

the formation of “active cellulose” previously suggested. Cellulose pyrolysis products are 

levoglucosan (LGA) and anhydro-oligosaccharides. Other anhydro-monosaccharides can then 

be formed by isomerization and dehydration of levoglucosan. The anhydro-monosaccharides 

can also repolymerize to form oligomers. The anhydrosugars can undergo dehydration to form 
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furanoses or retro-aldol condensation to form hydroxyacetone, glycolaldehyde and glyceralde-

hyde. A major difference between this model and the model proposed by Banyasz et al. is the 

initial competition between cellulose depolymerization and primary char formation. While Lin 

et al. do recognize that char can be formed directly from cellulose at temperatures below 200 °C, 

they note that the majority of char is formed from repolymerization of volatile anhydrosugars 

and fragmented species [117]. 

 

Figure 29: Mechanism of cellulose pyrolysis proposed by Lin et al. [117].  
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2.4.2 Water-mediated fast pyrolysis 

The group of Arai at Tohoku University performed extensive work on pyrolysis of saccharides 

in sub- and supercritical water [118–127]. 

They investigated the fast pyrolysis of glucose in sub- and supercritical water (> 374 °C, > 22.1 

MPa) and found that glycolaldehyde could be produced in high yields (maximum 63.8% carbon) 

without the use of a catalyst [121, 128]. They investigated the temperatures 350 (sub-critical), 

400 and 450 °C and pressure range 25–40 MPa for a 2.25 wt% aqueous glucose feed mixture. 

Their results are listed in Table 12.  

Table 12: Effect of temperature and pressure on product distribution of glucose decomposition in sub- and supercritical water 

[121]. Isomerization products lumped together. X is glucose conversion, and “tr.” is the detection of the compound in trace 

amounts. Fructose (1), levoglucosan (2), erythrose (3), glycolaldehyde (4), 5-HMF (5), glyceraldehyde (6), dihydroxyacetone (7) 

 Selectivity [C%]  

Retro-al-

dol 

Isom-

eriza-

tion 

Dehydra-

tion 

T/ 
°C 

P/MPa ρw/g 

cm-3 

t/s X 

[C%] 

4 3 1,6,7 2 5 C balance/% 

Sub-critical          

350 25 0.63 0.92 45.1 26.2 22.4 36.4 11.5 5.1 100.7 

 40 0.67 1.02 50.8 21.9 32.5 30.3 12.4 6.5 101.8 

           

Supercritical          

400 25 0.17 0.24 87.0 55.2 21.0 19.0 tr. 0.3 96.1 

 40 0.52 0.6 91.4 53.4 10.5 16.7 tr. 1.6 83.8 

450 35 0.20 0.25 99.4 64.2 4.5 5.4 tr. 0.5 74.8 

 40 0.27 0.34 98.9 59.2 3.4 4.7 tr. 0.5 68.8 

 

The results show that the conversion of glucose generally increases with the severity of operating 

conditions. For the experiments in subcritical water (experiments at 350 °C), the conversion is 

about 50% carbon, whereas it is increased to > 87% carbon for supercritical water experiments. 

The selectivity of glycolaldehyde (4) is generally found to increase with increasing temperature, 

whereas the products of isomerization and dehydration reactions were found to decrease. The 

dehydration products were strongly influenced by the operating conditions, as the selectivity was 

up to 18.9% at sub-critical conditions, whereas they were as low as 0.3% at supercritical condi-

tions. The maximum glycolaldehyde yield and selectivity was found at 450 °C and 35 MPa, and 

they argue that the glycolaldehyde yield can be further increased by operating a higher temper-

ature and lower pressure, as this leads to a decreased supercritical water density [121]. A lower 

water density leads to an increased selectivity towards the retro-aldol condensation pathway and 

reduced selectivity of the isomerization and dehydration pathways. Retro-aldol condensation of 

sugars occur via formation of intramolecular hydrogen bond linkages. As the water density is 

reduced, intramolecular hydrogen bonding of the sugar becomes easier than the intermolecular 
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hydrogen bonding between water and sugar, effectively increasing the selectivity towards the 

retro-aldol pathway, and thus glycolaldehyde [121]. Only the product yields shown in Table 12 

are reported, and no mention is made of the char formation. Sasaki et al. [121] also investigated 

the effect of reaction time on the product distribution, and their results are shown in Figure 30. 

They showed that glucose conversion and glycolaldehyde yield increases with increasing resi-

dence time. Furthermore, it can be seen that for a residence time of 0.1 s, about 55% glucose is 

converted, and 10% glycolaldehyde is obtained. Notably, about 15% fructose and 20–25% 

erythrose is obtained at the same time. 

 

Figure 30: Effect of residence time on product distribution of glucose decomposition in supercritical water at 40 MPa and 400 

°C [121]. Glucose (○), Fructose (▽), Glycolaldehyde (□), erythrose (△), dihydroxyacetone (◇), glyceraldehyde (+), levogluco-

san (X), 5-HMF (●).  

Formation of anhydrosugars and levoglucosan in particular from glucose in high temperature 

water was further studied by Takahashi et al. [56]. Glucose was decomposed in flow experiments 

with results for varying residence time shown in Figure 31. Generally, the yields of levoglucosan 

obtained at sub-critical conditions were higher than those previously reported by Sasaki et al. 

[121] at super-critical conditions. They found that for increasing residence time, there is an op-

timum for the levoglucosan yield, even when the glucose conversion is still increasing. This sug-

gests that levoglucosan may be formed as an intermediate product, that can be further converted 

to further degradation products such as hyperbranched polysaccharides [56]. 
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Figure 31: Glucose and levoglucosan concentration in water at 250 and 320 °C at 25 MPa as a function of residence time. Inlet 

glucose concentration 50 mmol/L [56]. 

They also investigated the effect of pressure, and found that the yield of levoglucosan increased 

with decreasing pressure (Figure 32). 

 

Figure 32: Levoglucosan yield at various temperatures and pressure. Inlet glucose concentration 50 mmol/L [56]. 

Majerski et al. [6] patented (US 7,094,932 B2) a process in 2006 for the production of glycolal-

dehyde from sugars (preferably glucose). The process involves spraying of an aqueous glucose 

solution (preferably 40–70% glucose) into a reactor with a fluidized bed of sand preferably oper-

ated between 520 and 580 °C with a preferable residence time of 0.5–2 s. They reported a gly-

colaldehyde yield of up to 70 wt%. 



Literature Survey 

 
39 

 

Figure 33: Example process diagram for the production of glycolaldehyde as proposed in the patent by Majerski et al. [6]. Hold-

ing tank (1), metering pump (2), injector (3), reactor (4), fluidizing nitrogen gas (5), reactor effluent (6), condenser (7), condensed 

liquid (8), filter (9), principal product holding tank (10), aerosol steam (11), electrostatic precipitator (12), secondary liquid prod-

uct (13), gas product and fluidizing gas (14), water absorption on column (15). 

Majerski et al. also reference two earlier patents by Underwood et al. [65, 129] that deal with 

pyrolysis of sugars. Underwood et al. report glycolaldehyde yields of 21.3 wt% from pyrolysis 

of glucose powder, and Majerski et al. argues that from these results, Underwood et al. have not 

found or recognized the great benefits that can be realized by pyrolyzing dilute solutions of al-

dose sugars according to the method disclosed by Majerski et al [6, 65]. Furthermore, Under-

wood et al. also report that there is a theoretically maximum glycolaldehyde at 38% from the 

pyrolysis of sugars, and Majerski et al. suggest that the assumptions made for calculating the 

theoretical maximum yield is incorrect [6, 65]. 

Majerski et al. [6] performed pyrolysis of glucose and other sugar feedstocks (Table 13). The 

results show that of the tested sugars, glucose shows the highest yield of glycolaldehyde, and 

significantly higher ratios of glycolaldehyde to formaldehyde than any of the of sugar solutions. 
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Table 13: Pyrolysis of aqueous sugar solutions in a fluidized bed reactor [6]. 

 
    Glucose   Fructose           Sucrose 

Corn 

syrup 

Feed wt% sugar 34 34 32.45 32.45 34.8 34.8 34.7 

Temperature (°C) 528 573 534 571 513 550 550 

 

Yields (wt% of sugar) 

       

Liquid 99.49 93.85 N/A N/A N/A N/A N/A 

Glycolaldehyde (GA) 55.44 51.64 12.28 21.4 33.60 34.74 20.91 

Formaldehyde (FA) 4.30 4.94 9.83 11.61 9.22 13.30 9.44 

Acetol 1.73 1.90 2.10 3.88 1.67 2.79 8.07 

Glyoxal 3.64 4.64 3.07 2.83 4.76 2.43 2.57 

GA/FA yield ratio 12.9 10.5 1.2 1.8 3.6 2.6 2.2 

        

CO Trace 3.97 5.70 7.10 N/A N/A N/A 

CO2 0 0 0 0 N/A N/A N/A 

Volatile organics 0.51 2.18 3.07 4.19  N/A N/A N/A 

 

Osmundsen [130] also investigated fast pyrolysis of sugars in a fluidized bed reactor with spray-

ing aqueous sugar solutions into hot fluidized beds. They used 10% aqueous solutions and vari-

ous bed materials, and selected results are shown in Figure 34. The choice of bed material 

strongly influences the carbon balance in the liquid condensate for glucose pyrolysis. The highest 

carbon balance was found at around 80% for CeO2, while it was as low as 54–55% for Nb2O5 

and TiO2. Results for various substrates using α-cristobalite show that the same products are 

formed for all of the tested substrates, except for sorbitol, where some unconverted substrate 

passes through the system. The product distribution and total carbon balance however chance 

significantly. The product distribution in terms of C1, C2 and C3 are in agreement with expected 

mechanisms of degradation for the various substrates. These mechanisms will be discussed in 

section 2.4.3. 
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Figure 34: Fast pyrolysis of sugars in fluidized bed reactor feeding 10% aqueous solutions showing pyrolysis of glucose for 

various bed materials (left) and pyrolysis of various substrates using α-cristobalite as the bed material (right). The black bars are 

total carbon balances [130]. 

More recently, Kostetskyy et al. [8] (2020) also investigated fluidized bed sugar cracking. They 

tested feeding 20% aqueous glucose at 475–550 °C and various glucose/fructose mixtures at 550 

°C. They also developed a kinetic model based on their previous work [91, 92, 131] and modified 

it in their work to fit experimental data with considerations of higher water concentrations that 

they argue include suppression of dehydration and char-forming reactions, and promotion of 

ring opening and fragmentation reactions. Their results for feeding 20% aqueous glucose solu-

tion at various temperatures is shown in Figure 35. Their results show increasing glycolaldehyde 

yield with decreasing temperature, with the highest yield of 72.8% at 475 °C. Besides glycolal-

dehyde, glyoxal, formaldehyde, acetol, pyruvaldehyde (methyl glyoxal) and CO are also formed. 

These were also the products reported by Majerski et al. [6], although they also reported for-

mation of CO2, which is reportedly not produced by Kostetskyy et al. [8]. The product distribu-

tion is captured well by their kinetic model. 
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Figure 35: Experimental and modelling results from sugar cracking feeding a 20% aqueous glucose solution. Residence time 

0.97s. Bed material: Acid washed glass beads (Sigma-Aldrich) 212-300 µm [8]. 

They also investigated feeding glucose/fructose feed mixtures at 550 °C, keeping the total aque-

ous sugar concentration at 20%. Results are shown in Figure 36. The yield of glycolaldehyde 

decreases with increasing fructose content, while the yield of formaldehyde, acetol and pyru-

valdehyde increases. This was also observed by Majerski et al. [6]. Interestingly, CO was only 

formed when no fructose was present, which was even also reflected in their modeling results. It 

is very suspicious that this result is observed experimentally, and even more suspicious that the 

result is captured by their kinetic model, as it implies that the presence of fructose somehow 

suppresses the formation of CO. In comparison, Majerski et al. [6] even found higher yields of 

CO from fructose than from glucose, and similar results will be presented in this thesis. 
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Figure 36: Experimental and modelling results from sugar cracking feeding aqueous 20% glucose/fructose mixture solutions at 

550 °C. Residence time 0.97s. Bed material: Acid washed glass beads (Sigma-Aldrich) 212-300 µm [8]. 

Char formation was reported negligible in terms of mass balance yield (0.025 wt%), and it was 

reported that it contained high amounts of oxygen, consistent with other biomass pyrolysis 

chars. Char samples were collected from the glucose experiment at 550 °C, and a SEM image is 

shown in Figure 37. The SEM images show that some particles are larger particles with shape 

indicating that it has been collected from surface (e.g. filter or reactor wall, not reported).  

  

Figure 37: SEM image from sugar cracking of 20% glucose at 550 °C and 0.97 s residence time. Bed material: Acid washed glass 

beads (Sigma-Aldrich) 212-300 µm [8]. 
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2.4.3 Mechanism and kinetics of monosaccharide decomposition 

Sasaki et al. [121] proposed a mechanism for the reaction pathways of glucose decomposition 

based on their experiments in supercritical water, and it is shown in Figure 38. Three different 

types of reactions are proposed for the conversion of glucose. These include isomerization to 

fructose, dehydration to levoglucosan (LGA) or hydroxymethylfuran (HMF) and the desired 

retro-aldol reaction pathway.  

The product of retro-aldol of glucose is one molecule of glycolaldehyde and one molecule of 

erythrose. Erythrose can undergo retro-aldol condensation again to produce another two mole-

cules of glycolaldehyde. In effect, one molecule of glucose can be converted to three molecules 

of glycolaldehyde without any other byproducts through this reaction pathway, highlighting the 

potential for glycolaldehyde production from glucose. This pathway is shown in more detail in 

Figure 39. 

The retro-aldol reaction can similarly occur of fructose to produce the byproducts glyceraldehyde 

and dihydroxyacetone. 

 

 

Figure 38: Reaction pathways for glucose decomposition in supercritical water. Glucose (1), fructose (2), LGA (3), erythrose 

(4), glycolaldehyde (5), 5-HMF (6), glyceraldehyde (7), dihydroxyacetone (8) [121]. 
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Figure 39: The formation of glycolaldehyde from glucose [132]. 

Hu et al. [133] investigated mechanisms in xylose pyrolysis using experimental and quantum 

chemical calculations with a proposed reaction scheme in Figure 40. They propose retro-aldol 

reactions from the ring-opened form to form glyceraldehyde and glycolaldehyde, and dehydra-

tion products such as 1,4-anhydroxylopyranose, furfural and 1,5-anhydro-4-deoxypent-1-ene-3-

ulose.  

 

Figure 40: Mechanisms of xylose decomposition during pyrolysis [133]. 
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Paine III et al. [59, 132, 134–136] performed extensive work on pyrolysis of isotopically labelled 
13C glucose, studying the reaction mechanism and product incorporation of the different C-posi-

tions as discussed below. 

 

2.4.3.1 Formation of C1 and C2 carbonyl compounds 

Paine III et al. [132] found for the formation of C1 and C2 that these products originated domi-

nantly by breakage of a single carbon-carbon bond from glucose pyrolysis. As such, C1 products 

were predominately formed from C-1 or C-6 and C2 products were predominately formed from 

C-1 and C-2 simultaneously or C-5 and C-6 simultaneously. Furthermore, based on isotopic 

scrambling experiments, the reaction mechanisms were found to be mostly unimolecular, with 

only 3–5% being bimolecular. 

Table 14: Incorporation of isotopic label from D-glucose isotopologs into C1 and C2 carbonyls reported as percentages [132]. 

B.M: Bimolecularity 

 m/z, 

Da 

RI 

(m)* 

C-1 C-2 C-3 C-4 C-5 C-6 % of 

B.M 

Formal-

dehyde 

31 67.0 16.8 1.9 6.3 1.8 2.3 70.5 N/A 

          

Formic 

acid 

47 83.5 50.0 10.7 19.1 11.2 4.2 15.1 N/A 

          

Acetal-

dehyde 

45 74.4 23.3 31.6 21.9 25.1 59.3 44.0 5.0 

30 100 12.5 17.7 12.2 15.8 35.9 12.1  

16 16.3 18.3 17.0 15.5 12.5 26.1 32.5  

          

Gly-

colalde-

hyde 

61 8.9 50.0 45.0 20.7 17.7 42.7 34.4 2.8 

33 0.5 29.1 24.8 11.3 10.3 14.2 21.9  

32 35.5 32.7 31.3 16.8 16.0 23.2 18.8  

31 100 21.9 19.8 6.9 4.8 9.9 25.2  

30 8.0 19.7 18.2 7.5 5.8 16.5 18.5  

29 64.5 32.8 30.3 17.5 17.4 28.8 13.1  

28 6.4        

          

Acetic 

acid 

61 1.5 52.3 55.8 17.3 11.9 39.4 34.1  

60 53.9 51.4 54.0 16.9 12.2 38.3 33.0  

46 74.2 5.6 60.4 7.5 8.3 40.3 2.2  

44 100 49.9 50.7 16.1 11.7 35.8 33.3  

16 9.5 48.3 12.1 12.1 8.8 8.8 32.0  

 

Table 14 shows the incorporation of isotopic label from D-glucose pyrolysis into formaldehyde 

and glycolaldehyde. Notably, about 70% of formaldehyde originates from the C-6 position. 
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It was found that the incorporation of isotopes in glycolaldehyde appeared to be pairwise in that 

the first two (C-1 and C-2), the last two (C-5 and C-6) and the middle two (C-3 and C-4) had 

similar levels of incorporation, with the preferred order being C-1/C-2 > C-5/C-6 ≫ C-3/C-4 

(≫≫ C-2/C3 and C-4/C-5). This order of incorporation was also found by Lu et al. [137] in a 

separate work. The order of incorporation found from the isotopic labeling can be compared to 

the mechanism in Figure 39, and it can be suggested from the highest incorporation of C-1/C-2 

in glycolaldehyde that the tautomerization of 1,2-ethenediol occurs more readily than the retro-

aldol conversion of erythrose to glycolaldehyde. However, the isotopic labeling also showed a 

significantly higher incorporation of C5-C6 into glycolaldehyde than C-3/C-4. This can be ex-

plained by the retro-aldol condensation of erythrose shown in Figure 39, which yields glycolal-

dehyde (C-5/C-6) and 1,2-ethenediol (C-3/C-4). 1,2-ethendiol must undergo a further tautom-

erization reaction step to produce glycolaldehyde, and if side-reactions are possible from 1,2-

ethenediol, this could explain the incorporation order C-5/C-6 ≫ C-3/C-4. However, it should 

also be noted that glycolaldehyde may be formed by other pathways as well, which may also 

influence the levels of incorporation for the different carbon numbers [132]. 

 

2.4.3.2 Formation of C3 and C4 carbonyl compounds 

Paine III et al. [135] found for the formation of C3 and C4 that these products originated domi-

nantly by unimolecular reaction mechanisms dominated by those involving breakage of a single 

carbon-carbon bond from glucose pyrolysis. As such, C3 products were dominated by incorpo-

rations of the first or last three carbon atoms as a result of breakage of the single bond between 

C-3 and C-4. C4 products were dominated by the last four carbons, as a result of breakage of the 

bond between C-2 and C-3. Many of their proposed reaction mechanism involve intermediary 

enol species before the carbonyl compounds are formed. As such, they considered that enols 

may promote the survival of carbonyl compounds during pyrolysis, and that the enols will have 

tautomerized to their respective carbonyls once the vapors have been quenched and products are 

analyzed. However, regardless of when the tautomerization occurs, the isotopic labels remain 

unchanged. Table 15 shows the calculated incorporation of the isotopic label in various C3 car-

bonyl products. 
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Table 15: Calculated incorporation of isotopic label from D-glucose isotopologs into C3 carbonyls reported as percentages [135]. 

B.M.: Bimolecularity 

 m/z, 

Da 

RI 

(m)* 

C-1 C-2 C-3 C-4 C-5 C-6 % of 

B.M 

Acro-

lein 

57 100* 17.1 18.3 25.7 83.6 81.7 69.4 10.4 

30 45.8* 9.5 5.3 12.7 62.7 6.4 12.0  

27 96.5 5.9 7.9 3.6 14.9 84.2 65.0  

          

Pro-

panal 

59 2.4 18.2 20.7 27.5 79.3 76.4 70.2 7.2 

58 88.8 17.4 19.7 32.1 78.3 76.1 70.8  

57 23.8 21.6 18.6 9.9 75.6 78.7 70.4  

30 4.0 18.4 13.8 16.6 37.6 52.3 40.3  

29 100 -4.5 -7.0 1.2 57.2 1.4 15.5  

28 67.9 21.2 23.6 -49.2 1.1 66.8 57.8  

27 59.3 33.5 21.5 32.3 26.2 73.1 51.8  

26 19.5 33.3 28.0 15.7 31.5 81.5 61.5  

          

Pyru-

valde-

hyde 

73 4.8* 45.4 45.4 64.2 54.3 43.7 35.7 0 

44 100* 35.6 52.2 27.6 25.3 40.7 27.5  

30 27.9* 16.6 4.1 34.9 33.9 11.7 6.9  

16 15.2* 31.9 2.0 17.1 3.1 4.2 27.4  

          

Acetone  59 28.6* 31.2 38.5 44.1 65.2 63.0 53.0 15.3 

44 100* 21.1 34.2 26.7 39.8 56.2 28.7  

16 7.1* 18.2 5.4 19.6 28.8 9.0 26.2  

          

Acetol 75 0.2 42.9 49.5 54.1 52.3 43.4 38.9 9.3 

74 9.7 44.5 49.8 54.4 52.1 42.7 38.6  

44 2.0 38.2 46.9 22.7 23.0 39.0 31.3  

43 100 35.9 45.1 20.2 20.5 36.9 32.4  

32 0.3 11.8 6.5 38.6 32.7 6.7 7.7  

31 18.0 8.2 1.4 32.0 24.3 0.7 11.1  

16 0.02 36.2 8.2 17.3 15.9 8.8 28.3  

15 5.4 37.8 4.9 14.0 14.0 4.0 34.2  

          

1,3-di-

hydrox-

yace-

tone 

(10) 

91 0.33* 51.9 43.3 44.3 56.8 67.9 47.9 12.0 

73 0.24 44.4 45.9 49.1 52.9 60.1 51.2  

72 6.5 46.0 46.1 50.8 53.4 60.0 50.9  

63 6.3* 37.9 3.2 37.5 39.4 6.3 46.1  

32 5.4 25.9 3.3 27.1 25.9 6.7 28.0  

31 100        
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Pyruvaldehyde was found to derive from C-1/C-2/C-3 (about 32%) and C-4/C-5/C-6 (about 

27%), while there is also a distinct contribution from C-2/C-3/C-4. Paine III et al. [135] propose 

pathways through cyclic Grob fragmentation of glucose or through isomerization to fructose and 

subsequent retro-aldol reaction as shown in Figure 41. Here, 3-hydroxy-2-propenal can also tau-

tomerize to pyruvaldehyde. It was further found that the fructose/glucose contribution ratio to 

pyruvaldehyde was 2.24. If 1,3-dihydroxyacetone was present in the mechanism, the C-1 and C-

3 or C-4 and C-6 would be heavily scrambled within pyruvaldehyde. However, as C-1 and C-6 

are the dominant methyl groups (see m/z = 16), it proves that 1,3-dihydroxyacetone was not 

involved in the majority of pyruvaldehyde formation.  

 

 

Figure 41: Proposed reaction pathways for formation of pyruvaldehyde from glucose [135]. 

With regards to glyceraldehyde and 1,3-dihydroxyacetone formation, Paine III et al. [135] pro-

pose the reaction pathways shown in Figure 42. All the carbons of glucose contribute towards 

1,3-dihydroxyacetone, though with a slight preference for the last three carbons as was shown 

in Table 15. They propose two dominant mechanisms for glyceraldehyde and 1,3-dihydroxyace-

tone, namely Grob fragmentation of glucose, or retro-aldol reaction of fructose. Hutchinson & 

Lee [138] performed thin-film pyrolysis of 13C labeled glucose and from their results, they support 

the retro-aldol reaction mechanism, but they rejected the Grob fragmentation pathway for for-

mation of glyceraldehyde and 1,3-dihydroxyacetone. 
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It should also be noted that Paine III et al. [135] pyrolyzed 1,3-dihydroxyacetone dimer, and 

obtained pyruvaldehyde and also unconverted 1,3-dihydroxyacetone, showing the close rela-

tionship between 1,3-dihydroxyacetone and pyruvaldehyde. Some little isomerization to glycer-

aldehyde was also observed. DL-glyceraldehyde was pyrolyzed under similar conditions, and 

was found to yield pyruvaldehyde, and some isomerized to 1,3-dihydroxyacetone. 

 

Figure 42: Proposed reaction pathways for formation of glyceraldehyde and 1,3-dihydroxyacetone from glucose pyrolysis 

[135]. 

For the formation of acetol, suggested pathways are shown in Figure 43. They involve dehydra-

tion of glucose (contributes about 32%) or fructose enol (contributes about 37%). The formation 

of acetol was found to be 91% unimolecular. All carbon positions can form acetol, but the for-

mation is again found to be pairwise for C-1/C-2/C-3 and C-4/C-5/C-6, as for other C3 prod-

ucts. This was also observed by Hu et al. [139] in another study. According to Figure 43, acetol 

from glucose dehydration yields a C-4/C-5/C-6 product, whereas the fructose pathway yields a 

C-1/C-2/C-3 product. From comparing to fructose pyrolysis, the fructose/glucoses acetol for-

mation ratio was 2.14, not very dissimilar from that of pyruvaldehyde formation (2.24). 
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Figure 43: Proposed reaction pathways for formation of acetol from glucose pyrolysis [135]. 

 

2.4.3.3 Kinetic modelling of reactions in monosaccharide decomposition 

Seshadri & Westmoreland [140] performed gas-phase quantum-chemistry and statistical-me-

chanics calculation to model kinetics for a number of reactions related to glucose pyrolysis. The 

quantum-chemistry package Gaussian09 was used for structure identification and energy calcu-

lations. Transition states were obtained using the DFT functional UB3LYP with the basis set 6-

311++G(d,p) which were further optimized with CBS-QB3. They also calculated rate coeffi-

cients for the forward reactions using canonical transition-state theory and fitted these to Arrhe-

nius equations in the temperature range 300–1000 K. They considered that many reactions could 

occur by unimolecular or H2O-mediated concerted reactions. Selected reactions considered are 

shown in Figure 44–Figure 47. They show the included reactions on D-glucose isomerization, 

with the reaction network shown in Figure 44, decomposition reactions of glucose isomers to 

smaller aldehydes shown in Figure 45, tautomerization reactions of enols to their corresponding 

aldehydes and ketones are shown in Figure 46 and retro-aldol condensation reactions of erythru-

lose, xylose and xylulose shown in Figure 47 [140]. Rate coefficients are shown for selected 

unimolecular (u) and bimolecular (b) water-assisted (WA) reactions in Table 16. It can be seen 

from Table 16 that water-assisted reactions generally have lower activation energies than their 
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corresponding unimolecular reactions, suggesting that the presence of water during pyrolysis 

may affect the product distribution from glucose pyrolysis. These elementary-reaction pathways 

and their reaction parameters will form the foundation of kinetic modeling in this project and 

will be further discussed in section 5. 

Table 16: Reaction parameters for selected reactions calculated by Seshadri & Westmoreland [140]. 

Reaction 

number 

Reaction Pre-expo-

nential fac-

tor: Uni- (s-

1) and bimo-

lecular (s-1 

atm-1) 

Activation 

energy 

(kcal/mol) 

 

Isomerization of acyclic hexoses 

4-u D-glucose to hexenhexol 1.26 × 1013 73.0 

4-b WA D-glucose to hexenhexol 1.72 × 1011 41.9 

5-u Hexenhexol to D-fructose 2.20 × 1013 56.0 

5-b WA hexenhexol to D-fructose 1.09 × 1011 26.8 

6-u D-glucose to D-fructose 7.30 × 1011 43.7 

6-b WA D-glucose to D-fructose 3.00 × 1011 33.2 

7-u D-glucose to 3-ketohexose 2.28 × 1012 61.2 

7-b WA D-glucose to 3-ketohexose 1.26 × 1011 53.4 

8-u D-fructose to 3-ketohexose 2.38 × 1013 46.8 

8-b WA D-fructose to 3-ketohexose 9.69 × 1011 37.8 

 

Formation of furanoses   

9-u D-glucose to α-D-glucofuranose 1.21 × 1012 46.7 

9-b WA D-glucose to α-D-glucofuranose 4.18 × 109 21.0 

10-u D-glucose to β-D-glucofuranose 1.06 × 1012 43.2 

10-b WA D-glucose to β-D-glucofuranose 2.10 × 109 21.6 

11-u D-fructose to α-D-fructofuranose 2.23 × 1012 39.8 

11-b WA D-fructose to α-D-fructofuranose 9.66× 108 17.0 

12-u D-fructose to β-D-fructofuranose 2.96 × 1011 35.3 

12-b WA D-fructose to β-D-fructofuranose 3.27 × 109 14.9 

13-u 3-ketohexose to α-D-3,6-furanose 8.71 × 1011 35.8 

13-b WA 3-ketohexose to α-D-3,6-furanose 7.55 × 109 12.9 

14-u 3-ketohexose to β-D-3,6-furanose 6.65 × 1011 31.7 

14-b WA 3-ketohexose to β-D-3,6-furanose 2.94 × 109 8.7 

    

Retro-aldol condensation of D-glucose, D-fructose, 3-ketohexose, erythrose and glycer-

aldehyde 

17-u D-glucose to ethenediol + erythrose 4.53 × 1012 39.7 



Literature Survey 

 
53 

18-u Erythrose to glycolaldehyde + ethenediol 5.64 × 1012 39.2 

19-u D-fructose to glyceraldehyde + prop-1-ene-1,2,3-triol 3.87 × 1012 35.6 

20-u Glyceraldehyde to formaldehyde + ethenediol 1.72 × 1013 37.6 

21-u 3-ketohexose to glycolaldehyde + but-1-ene-1,2,3,4-

tetrol 

1.42 × 1012 30.9 

22-u 3-ketohexose to formaldehyde + pent-1-ene-1,2,3,4,5-

pentol 

2.29 × 1013 36.5 

 

Keto-enol tautomerization reactions 

23-u Ethenediol to glycolaldehyde 1.64 × 1012 57.3 

23-b WA ethenediol to glycolaldehyde 1.48 × 1010 28.9 

24-u Prop-1-ene-1,2,3-triol to glyceraldehyde 1.83 × 1013 71.9 

24-b WA prop-1-ene-1,2,3-triol to glyceraldehyde 8.55 × 1010 38.3 

25-u Prop-1-ene-1,2,3-triol to 1,3-dihydroxyacetone 3.11 × 1013 71.9 

25-b WA Prop-1-ene-1,2,3-triol to 1,3-dihydroxyacetone 1.16 × 1011 38.3 

26-u But-1-ene-1,2,3,4-tetrol to erythrose 1.09 × 1013 71.9 

26-b WA But-1-ene-1,2,3,4-tetrol to erythrose 2.08 × 1010 33.0 

27-u 1-ene-1,2,3,4-tetrol to erythrulose 7.31 × 1013 64.6 

27-b WA 1-ene-1,2,3,4-tetrol to erythrulose 1.96 × 1011 30.3 

28-u Pent-1-ene-1,2,3,4,5-pentol to xylose 1.13 × 1012 59.9 

28-b WA Pent-1-ene-1,2,3,4,5-pentol to xylose 3.80 × 1010 63.2 

29-u Pent-1-ene-1,2,3,4,5-pentol to xylulose 4.21 × 1013 29.2 

29-b WA Pent-1-ene-1,2,3,4,5-pentol to xylulose 5.90 × 1010 71.4 

 

Retro-aldol condensation of erythrulose, xylose and xylulose 

30-u Erythrulose to prop-1-ene-1,2,3-triol + formaldehyde 2.18 × 1013 33.4 

31-u Xylose to ethenediol + glyceraldehyde 2.83 × 1013 37.4 

32-u Xylulose to glycolaldehyde + prop-1-ene-1,2,3-triol 3.74 × 1012 32.4 
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Figure 44: Reaction network for glucose isomerization [140]. 

 

Figure 45: Reaction network for decomposition of glucose isomers [140]. 
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Figure 46: Tautomerization reactions of enols to corresponding aldehydes and ketones [140]. 

 

Figure 47: Retro-aldol condensation of erythrulose, xylose and xylulose [140]. 
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2.4.4 Formation of anhydrosugars from glucose and cellulose pyrolysis 

The formation of anhydrosugars varies greatly between cellulose and glucose pyrolysis, and the 

reaction conditions and feedstock impurities also influence their formation. Ronsse et al. [141] 

proposed that metal impurities in cellulose feedstock catalyze the decomposition of levoglucosan 

in the vapor phase, and found that removing these metal impurities by acid-washing increased 

the yield of levoglucosan. As was presented in Table 8 in the work of Patwardhan et al. [88], the 

yield of levoglucosan especially was found to significantly higher at 59 wt% for cellulose pyrol-

ysis compared to 7 wt% yield for glucose pyrolysis at similar conditions. However, the yield of 

levoglucosan and other anhydrosugars also greatly varies between glucose and cellulose pyroly-

sis works, as shown in Figure 48, where levoglucosan yields are obtained in the range of 5–80% 

from cellulose pyrolysis [142]. The presented results cover different experimental conditions and 

reactor configurations. 

 

Figure 48: Levoglucosan yields from various cellulose pyrolysis works [142]. 

Maduskar et al. [142] compared the levoglucosan formation from cellulose pyrolysis in different 

reactor configurations in Figure 49. They used a micropyrolyser furnace heather comparing thin 

film and powder samples, as well as a PHASR (pulse-heated analysis of solid reactions) reactor. 

The PHASR pyrolysis thin-film samples using rapid thermal pulses. 
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Figure 49: Levoglucosan formation from cellulose pyrolysis at 500 °C using various reactor configurations. PHASR: pulse-

heated analysis of solid reactions [142]. 

The sample preparation method is highly influential on the levoglucosan yield [143], comparing 

powder samples (250–1500 µg) yielding 46–53% levoglucosan, while thin film samples (20–1500 

µg) pyrolyzed in the same micropyrolyzer at the same conditions showed lower levoglucosan 

yields at 11–20%. Thin film cellulose samples (20–250 µg) pyrolyzed in the PHASR reactor 

showed levoglucosan yields of 6–8%. The levoglucosan yield was found to increase for thin-film 

pyrolysis in the micropyrolyzer, however this effect was not observed in the PHASR reactor, 

which indicates an absence of transport artifacts in the PHASR reactor. This suggests that vari-

ations in levoglucosan yield can be related to the characteristics of the reactor in which the py-

rolysis is performed. Maduskar et al. [142] considered 4 hypotheses for the understanding of 

levoglucosan formation: 

 Thermal promotion of LGA 

 Crystallinity of cellulose 

 Secondary and gas-phase reactions 

 Catalytic promotion of LGA with reactive hydroxyl groups 

With respect to thermal promotion, heating and reaction of biomass particles have been found 

to be influenced by the particle size due to thermal gradients within reacting particles. It is re-

ported that particle size must be as small as 50–100 µm to obtain isothermal conditions [142, 

144]. In the case of thermal gradients during pyrolysis, the effective reaction temperature will be 

lower, and affect the chemical reaction pathways and thus the product distribution. Thin-film 

pyrolysis of cellulose was tested for temperature effect as shown in Figure 50. 
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Figure 50: Temperature effect on levoglucosan yield from thin-film cellulose pyrolysis in Frontier micropyrolyzer (250 µg) and 

PHASR (200 µg). Sample thickness less than 70 µm [142]. 

It was again observed that there is a significant effect of the reactor system on the formation of 

levoglucosan. However, the effect of temperature in the range 350–550 °C only moderately af-

fected the yield of levoglucosan, and thus the operating temperature cannot explain the signifi-

cant variations in yields that are reported in literature [142]. 

Maduskar et al. [142] then considered pyrolyzing cellulose samples of varying crystallinity by 

comparing samples of different crystallinity index. They pyrolyzed cellulose powder and thin-

film cellulose (both 74% crystallinity index) and highly crystalline α-cyclodextrin. However, they 

found no significant influence of the crystallinity on the levoglucosan yield. 

The third hypothesis was related to secondary and gas-phase reactions. Levoglucosan is a pri-

mary decomposition product of cellulose pyrolysis, and thus is not formed by secondary reac-

tions. As such, it is proposed that high yields of levoglucosan occurs when the reaction system 

is devoid of further secondary and gas-phase decomposition of the primary levoglucosan prod-

uct. This hypothesis was tested by co-pyrolyzing cellulose and added levoglucosan. It can be 

seen from Figure 51 that the increase in the fraction of levoglucosan in the co-pyrolyzed samples 

match with the increase of the levoglucosan loading, suggesting that the levoglucosan fraction 

does not undergo liquid-phase or secondary gas-phase decomposition, and thus that the observed 

LGA formation from pure cellulose pyrolysis is due to primary decomposition in the PHASR 

reactor [142]. Furthermore, if secondary gas-phase reactions contributed to further levoglucosan 

yields, higher levoglucosan yields should be observed in the PHASR reactor than in the Frontier 

micropyrolyzer, as the PHASR reactor is designed to eliminate secondary liquid- and gas-phase 

reactions. However, this is not observed (see e.g. Figure 50). 
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Figure 51: Co-pyrolysis of thin-film samples of cellulose and levoglucosan in PHASR at 500 °C. Sample loading 200 µm [142]. 

The fourth hypothesis was based on the catalytic promotion of LGA formation with reactive 

hydroxyl groups in that the primary reactions in cellulose pyrolysis can be influenced by the 

presence of reactive species in the reaction mixture. Reactive hydroxyl groups in oxygenated 

intermediates and products can catalyze the glycosidic bond cleavage of cellulose and influence 

the product yields. This has previously been proposed by Seshadri and Westmoreland [140, 145] 

who calculated reactions of glucose and its polymers catalyzed by hydroxyl groups using quan-

tum chemical methods. Maduskar et al. [142] probed the effect of volatile catalytic hydroxyl 

groups by co-pyrolysis of cellulose and other compounds as shown in Figure 52 (A). 

 

Figure 52: Co-pyrolysis of equal amounts of cellulose and another hydroxyl compound (A) and varying fructose content (B). 

Experiments were carried out at 500 °C in PHASR reactor with a total sample loading of 200 µg [142]. 

Water and glycerol were found to have no effect on levoglucosan formation, possibly because 

they are volatile (b.p. 100 and 290 °C) and evaporate prior to cellulose pyrolysis. Sorbitol and 
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fructose were found to increase the yield of levoglucosan. Fructose co-pyrolysis was further in-

vestigated in Figure 52 (B), and it can be seen that the yield of levoglucosan increases as the 

fraction of fructose is increased, from 8.3% without fructose to 16% with 80% fructose. This 

result supports the hypothesis that catalytic hydroxyl groups may promote levoglucosan for-

mation. 

To summarize, Maduskar et al. [142] negated the hypotheses of thermal promotion of LGA, 

crystallinity of cellulose and secondary and gas-phase reactions. However, they argued that their 

results supported that a catalytic effect of hydroxyl groups promoted the formation of levoglu-

cosan based on their co-pyrolysis experiments of cellulose and fructose. 

Mayes et al. [146] investigated glucose pyrolysis with emphasis on the formation of anhydro-

sugars. They pyrolyzed glucose in a micropyrolyzer at 500 °C. The product distribution of the 

major products is shown in Figure 53. In general, there is a significant variation between different 

works in the literature using different reactor configurations and micropyrolyzers, as was dis-

cussed  previously by Maduskar et al. [142] in e.g. Figure 49 for cellulose pyrolysis. Similarly, 

the results reported here by Mayes et al. also differ from those reported previously in e.g. Table 

8. While the results in Figure 53 show a glycolaldehyde yield of approximately 18%, a significant 

portion of anhydrosugars are also formed, namely the pyranose and furanose forms of levoglu-

cosan, as well as further dehydration products 5-HMF and furfural. 

 

Figure 53: Product distribution from glucose pyrolysis in a micropyrolyzer at 500 °C [146]. 

For considering the formation of LGA and 1,6-AHGF (pyranose and furanose forms of levoglu-

cosan), Mayes et al. [146] calculated free energy diagrams for their formation from glucose as 

shown in Figure 54. They considered the formation of LGA from α-D-glucose and β-D-glucose 

and found a lower energy pathway from β-D-glucose, however this result is not reflected in the 

results in Figure 53, where one would expect a higher yield of levoglucosan from β-D-glucose 

given the lower energy pathway. They also show two pathways to 1,6-AHGF formed by the 

open-chain form of glucose. 
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Figure 54: Reaction pathways and free energy diagrams calculated for formation of LGA and 1,6-AHGF using M06-2X/6-

311+G(2df,p) [146]. 

They also considered formation of 5-HMF by a number of different pathways as shown in Figure 

55. They highlight especially the formation pathway through fructose (gray arrows), where there 

is also experimental evidence for a fructose intermediate in glucose pyrolysis from Ponder and 

Richards [57] who found fructose from glucose pyrolysis. Furthermore, Paine III et al. [59] 

found higher yields of 5-HMF (about 4 times higher) from fructose pyrolysis compared to glu-

cose pyrolysis, which is consistent with a shorter pathway from fructose [59]. Furfural was also 

formed to a larger extent from fructose than glucose. 
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Figure 55: Reaction pathways and free energy diagrams calculated for formation of 5-HMF from β -D-glucose using M06-2X/6-

311+G(2df,p) [146]. 

 

2.5 Catalytic production of ethylene glycol 

2.5.1 Conventional ethylene glycol production 

Ethylene glycol is conventionally produced from a two-step process starting from ethylene and 

involves ethylene oxide (EO) as the intermediate.  

 

2.5.1.1 Ethylene oxidation to ethylene oxide 

Ethylene is reacted with oxygen in the gas phase over a silver catalyst supported on alumina in 

fixed bed reactors at 230–270 °C to produce ethylene oxide (EO). When the conventional eth-

ylene oxide process was first commercialized in the 1960s, the EO selectivity was around 65%, 

with a major side reaction producing CO2 and water as byproduct. The selectivity has since been 
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increased to around 90% as it has been found that ethyl chloride can be added to act as a mod-

erator to suppress the CO2 formation reaction. Produced CO2 is then recovered and removed 

from the process. [147–150].  

 

2.5.1.2 Step 2: Ethylene oxide conversion to EG 

The second step consists of ethylene oxide conversion to ethylene glycol (EG or MEG) and has 

conventionally been carried out as a thermal conversion (e.g. Shell MASTER process). More 

recently, Shell developed the OMEGA (Only MEG Advantage) catalytic process that selectively 

produces ethylene glycol with a selectivity in excess of 99% with the first commercial plant com-

missioned in 2008 with a capacity of 400,000 tonnes/year [150]. 

In the Shell MASTER process the second step is conversion of EO to ethylene glycol (EG) and 

occurs in aqueous phase where the EO-water mixture is heated to 200 °C under pressure pro-

ducing ethylene glycol as well as higher glycols (e.g. diethylene- and triethylene glycol). The 

EO/water ratio influences the amount of higher glycols produced from EO reacting with glycols. 

In Shell’s conventional process, EG is produced with 90% selectivity at a water:EO ratio of 9:1. 

This process is non-catalytic. 

In the Shell OMEGA process, the EO conversion to EG occurs through ethylene carbonate 

(EC), which is produced by reacting EO with dissolved CO2. The second step is then EC con-

version to EG by reaction with water in slight excess. Both reactions take place in the liquid 

phase in the presence of homogenous catalysts such as phosphonium halide [150]. In this two-

step process, most of the EG is formed in a EO-free environment, which minimizes the produc-

tion of higher glycols and allows for an EG selectivity of more than 99% [147]. 

A simple diagram for the processes is shown in Figure 56. 

 

Figure 56: Simple process diagram for ethylene glycol production from ethylene [147]. 
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2.5.2 Cellulose conversion for ethylene glycol production 

Cellulose and glucose have been studied for the catalytic conversion to ethylene glycol with con-

siderable work conducted at Dalian University of Technology (DUT) [24, 26, 63, 151–162].  

The group at DUT have obtained high cellulose conversion and ethylene glycol selectivity using 

tungsten catalysts [24]. They have shown that tungsten species play a role in the selective degra-

dation of sugars to C2 fragments and other unsaturated molecules [24]. Selected results of cellu-

lose pyrolysis are shown in Table 17. Experiments were carried out in a 300 mL pressure vessel 

loaded with 1.0 g cellulose, 0.3 g catalyst and 100 mL water. The tungsten type catalysts show 

complete cellulose conversion for the experiments listed, and many of the experiments show 

high selectivity of 60–75% towards ethylene glycol. Furthermore, among the experiments with 

tungsten catalyst, the addition of nickel to the tungsten carbide catalyst was found to increase 

the ethylene glycol selectivity from 27.9% to 61%. A high surface area (1120 m2/g) mesoporous 

carbon material was also used as the support material for the tungsten carbide catalyst, and the 

selectivity towards ethylene glycol was as high as 72.9%, even without adding nickel to the cat-

alyst. With the addition of nickel, the ethylene glycol selectivity was slightly increased to 74.4% 

over a 2%Ni-WCx/MC catalyst [24]. While the tungsten carbide catalysts have shown promising 

results in terms of cellulose conversion and ethylene glycol selectivity, metal leaching has oc-

curred and traces of tungsten were detected in the liquid product, which poses a problem in a 

practical application of the tungsten carbide catalysts for ethylene glycol production from cellu-

lose [24]. More catalysts were used in order to understand the synergistic effects between Ni and 

W2C, knowledge that may be used to develop to obtain higher ethylene glycol yields [24]. They 

tested bimetallic catalysts of groups 8, 9 or 10 to replace the hydrogenation function of the tung-

sten carbide while retaining the metallic tungsten for the degradation function. In this way, they 

achieved a maximum ethylene glycol yield of 76.1% [24]. However, they propose a Raney Ni-

H2WO4 catalyst as the catalyst with the best potential for a large scale ethylene glycol process. 

This is because the tungsten acid and commercial Raney Nickel are cheap, and Raney Nickel 

can be separated by magnetic separation and recycled. They also reported that the catalyst was 

reused 17 times without a loss in the ethylene glycol yield.  
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Table 17: Selectivity of various products for one-pot catalytic cellulose conversion. X, SEG, S1,2-PG and SHexitols are cellulose con-

version, and selectivity towards ethylene glycol, 1,2-propylene glycol, respectively. AC is active carbon, and MC is mesoporous 

carbon [24]. 

Catalyst Reaction conditions X/% SEG/% S1,2-PG/% SHexitols/% 

W2C/AC 245 °C, 6 MPa H2, 0.5 h 98 27.9 5.6 2.1 

Ni-W2C/AC 245 °C, 6 MPa H2, 0.5 h 100 61 7.6 5.8 

WCx/MC 245 °C, 6 MPa H2, 0.5 h 100 72.9 5.1 2.6 

Ni-WCx/MC 245 °C, 6 MPa H2, 0.5 h 100 74.4 4.5 5.2 

10Ni-(30WCx/AC) 245 °C, 6 MPa H2, 0.5 h 100 73.0 8.5 6.4 

Ni-WP/AC 245 °C, 6 MPa H2, 0.5 h 100 46.0 6.4 5.9 

Ni-W/SBA-15 245 °C, 6 MPa H2, 0.5 h 100 76.1 3.2 8.0 

Raney Ni-H2WO4 245 °C, 6 MPa H2, 0.5 h 100 65.4 3.3 10.8 

Ru/AC-H2WO4 245 °C, 6 MPa H2, 0.5 h 100 58.5 3.5 14.0 

Ru/AC-WO3 245 °C, 6 MPa H2, 0.5 h 100 48.9 5.4 7.6 

Ru+base buffer 225 °C, 6 MPa H2, 5 min 38 15 14 - 

Pt-SnOx/Al2O3 200 °C, 6 MPa H2, 0.5 h 23.8 22.0 13.5 3.9 

Ru/CNTs 200 °C, 6 MPa H2, 0.5 h 81.3 21.5 - - 

Ru/AC 160 °C, 5 MPa H2, 5 h 59.2 6.2 18.1 - 

Ni/ZnO 245 °C, 6 MPa H2, 2 h 100 19.1 34.4 - 

Cu-Cr-Ca 245 °C, 6 MPa H2, 5 h 100 31.6 42.6 - 

 

Noble metal catalysts have also been used for cellulose pyrolysis. However, sorbitol and manni-

tol were mainly obtained using noble metal catalysts, whereas the tungsten catalysts had more 

selectivity towards ethylene glycol as shown in Figure 57. 

 

Figure 57: Catalytic conversion of cellulose over tungsten carbide or Pt/Al2O3 catalysts [24]. 

Considerations for developing the process are the requirement for continuous operation for large 

scale production, and to maximize the feedstock concentration so as to produce a higher con-

centration product, which will save costs for water and energy consumption of the process. 
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Zheng et al. [24] reported 65% EG yield with a 28 wt% cellulose in water feed when using a 5% 

Ni-25%W/SBA-15 catalyst. 

 

2.5.3 Glucose conversion for ethylene glycol production 

The group at Dalian University of Technology also investigated using glucose as the feedstock 

for ethylene glycol production [26, 110]. They discuss some of the advantages and disadvantages 

of using glucose compared to cellulose for ethylene glycol production. Among the advantages is 

that glucose is highly water-soluble, which makes it easier to handle in the chemical processes. 

Furthermore, the high water solubility means that a concentrated feed solution can be used, 

which in turn produces a high concentration product, allowing for cost savings for downstream 

distillation separation process [157]. Another advantage is that glucose is more active and unlike 

cellulose, does not need to undergo the rate-limiting hydrolysis step during the conversion. This 

should make it possible to carry out the catalytic conversion of glucose at milder conditions than 

cellulose [157]. However, the higher activity of glucose can also pose a problem as it more readily 

leads to side reactions such as formation of chars and tars at higher reaction temperatures and 

feed concentrations, which reduces the yield of the desired ethylene glycol product. They tested 

various tungsten-based catalysts and varied hydrogen pressure, glucose feed rate and tempera-

ture. They found the highest yield of 60.0% using ammonium metatungstate (AMT)-Ru sup-

ported on active carbon (AC), 5 MPa H2, temperature of 240 °C and a 5% glucose solution. 

Further experiments were conducted to find the optimal ratio of W to Ru for the AMT-Ru/AC 

catalyst. The experiments were carried out on a semicontinuous reactor system, but some exper-

iments were also carried out in a batch reactor (Table 18), to test the influence of reactor type.  

The influence of reactor type and substrate has a high influence on the product distribution as 

shown in Table 18. Using cellulose in the batch reactor gives a high ethylene glycol yield (46.7 

mol% C) compared to using glucose and fructose (7.0 and 11.8 mol% C, respectively). Instead 

of ethylene glycol, high amounts of sorbitol and mannose are produced when using glucose and 

fructose as the feedstock in the batch reactor. The reason for the large difference in product com-

position for different feedstock in the batch reactor is due to the slow heating in the batch reactor 

compared to the semicontinuous system. Glucose has been shown to readily hydrogenate to 

form sorbitol at temperatures as low as 80 °C in the presence of a Ru/AC catalyst [157]. In order 

for the catalytic conversion of glucose to ethylene glycol to occur, retro-aldol reactions need to 

occur, and they mainly happen at temperatures above 160 °C. During heating to the final tem-

perature of 240 °C from room temperature, a large portion of glucose can be hydrogenated to 

stable sorbitol, which cannot be further converted to ethylene glycol at the operating conditions 

[157]. However, high yields of sorbitol and mannose are not observed for the batch experiment 

with cellulose. Cellulose is relatively stable at lower temperatures until the hydrolysis reactions 

occur at temperatures higher than 150 °C (Figure 58), where the favored retro-aldol condensa-

tion reactions leading to ethylene glycol can also occur. 
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Table 18: Conversion of cellulose, glucose and fructose in batch and continuous reactors showing yield in mol% carbon. Exper-

iments 1-3 use AMT (1000 ppm W), 4% Ru/AC (0.4g), 240 °C, 5 MPa H2, 40 min, 10% glucose solution and a feed flow rate 

of 2 mL/min. Experiments 4 and 5 use AMT (1000 ppm W), 4% Ru/AC (0.3g), 240 °C, 5 MPa H2, 40 min, 10% fructose 

solution and 0.667 mL/min [157]. 

Exper-

iment 

Reaction condi-

tions 

EG 1,2-PG Glycolal-

dehyde 

Sorbitol Man-

nose 

Total 

polyols 

1 Cellulose, batch 46.7 5.0 0 3.6 3.0 69.0 

2 Glucose, batch 7.0 4.9 2.4 32.5 7.0 57.4 

3 Glucose, semi-

cont. 

50.2 9.4 2.1 1.1 2.9 75.3 

4 Fructose, batch 11.8 5.6 2.9 20.1 12.2 56.7 

5 Fructose, semi-

cont. 

14.3 37.9 4.7 1.1 1.3 64.1 

 

 

 

Figure 58: Possible reaction mechanism for catalytic conversion of cellulose and temperatures above which some reactions occur 

over a Ru/AC catalyst. [110, 157]. 

The experiments on the semicontinuous setup were carried out by preloading catalyst and 20 

mL water to the reactor. Then, the reactor was heated and pressurized with hydrogen to obtain 

the desired operating conditions, after which feeding 20 mL of the 10 wt% aqueous glucose so-

lution was started at 2 mL/min, with a total reaction time of 40 min. 

Results for use of different catalysts are shown in Figure 59, showing that the catalyst choice 

highly influences the product distribution. Using the AMT-Ru/AC catalyst gives the highest 

> 150 oC 

> 80 oC 

> 160 oC 
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yield of ethylene glycol (50.2 mol% C), while the lowest (6.7 mol% C) was obtained using SiW12-

Ru/AC. For the catalytic conversion of glucose, AMT gives significantly higher yields of eth-

ylene glycol among the different tungsten compounds. For the effect of different hydrogenation 

catalysts, while AMT-Ru/AC gives the gives ethylene glycol yield, AMT-Raney Ni also pro-

vides a high yield of ethylene glycol (46.8 mol% C) along with a high yield of hexitols. The 

product distribution of polyols can be varied by changing the Ni/W ratio of the catalyst, and 

doing this could lead to a better performance of the AMT-Raney Ni catalyst [157]. 

   

Figure 59: Influence of different catalysts on catalytic conversion of glucose showing A) different transitions metals (hydrogena-

tion catalysts) from group 8, 9 and 10 along with AMT (ammonium metatungstate, 1000 ppm W) and B) 4% Ru/AC (activated 

carbon) along with different tungsten compounds (1000 ppm W) AMT, TA (tungsten acid), PW12 (tungstophosphoric acid) and 

SiW12 (tungstosilicic acid). Reactions carried out at 240 °C, 5 MPa H2, 10% glucose solution fed at 2 mL/min. Yields are reported 

in mol% carbon [157]. 

Experiments covering the effect of operating temperature and hydrogen pressure are shown in 

Figure 60. With respect to temperature (Figure 60 A), there seems to be an optimum in the 

ethylene glycol yield at 240 oC. Below 240 oC, the yield of hexitols increases significantly at the 

expense of the ethylene glycol yield, especially at 200 oC and below. Conversely, at temperatures 

above 240 oC, the ethylene glycol yield decreases due to increased gas formation. Retro-aldol 

condensation and hydrogenation reactions of glucose were also investigated and the apparent 

activation energies over the AMT-Ru/AC catalyst were determined to be 148.0 and 38.1 kJ/mol 

for the retro-aldol reaction and hydrogenation reactions, respectively. The large difference in 

activation energies is in agreement with the critical temperature point above which the selectivity 

towards ethylene glycol (retro-aldol pathway) increases significantly while the selectivity to-

wards hexitols (hydrogenation pathway) is significantly decreased [157]. 

The effect of hydrogen pressure (Figure 60 B) is strong especially at lower pressures. At 1 MPa 

H2 pressure, the total yield of polyols was only 26.8 mol% C, while there was a large amount of 

compounds not quantified by the HPLC or GC analysis, which was assesed to be mainly 

consisting of humin or polymer formation [157]. 

A) 

B) 
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Figure 60: Influence of A) temperature (180–260 °C) at 5 MPa H2 and B) hydrogen pressure (1–6 MPa) at 240 °C, on catalytic 

conversion of a 10% glucose solution over AMT (1000 ppm W), 4% Ru/AC with a reaction time of 40 min and a feed flowrate 

of 0.667 mL/min. Yields are reported in mol% carbon [157]. 

The effect of feeding rate of the glucose solution was also investigated, and is shown in Figure 

61. The product yield distribution is strongly affected by the glucose solution feeding rate. At 10 

mL/min, the ethylene glycol yield was as low as 17.7 mol% C, while it increased with decreasing 

feed rate. The EG yield was affected more than other polyols, suggesting that more side reactions 

occur in the EG pathway than for the other polyols. Hydrogenation of glycolaldehyde to EG is 

a pseudo-first order reaction, while the global side reactions of glycolaldehyde have been found 

to be pseudo-second order reactions. Thus, for increasing reactant concentrations, the side reac-

tions are more sensitive and thus increase more significantly than the glycolaldehyde hydrogena-

tion to ethylene glycol reaction, reducing the overall yield of ethylene glycol. Thus, a lower feed-

ing rate will be beneficial to ethylene glycol production, as it reduces the concentration of gly-

colaldehyde, and thus the amount of side reactions that occur [157].  

 

Figure 61: Influence of glucose solution feed rate on the catalytic conversion of a 10% glucose solution over AMT (1000 ppm 

W), 4% Ru/AC at 240 °C and 5 MPa H2 with a reaction time of 40 min. Yields are reported in mol% carbon [157]. 

A) B) 
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Kinetic modelling of glucose conversion to ethylene glycol over W-Ru catalysts has been con-

ducted by the group at DUT [26]. They assumed the simplified reaction network shown in Figure 

62. This reaction network includes multiple simplifying assumptions: 

1. Hydrogenation to sorbitol and mannitol are not differentiated, and are instead lumped 

together (hexitols) 

2. Retro-aldol condensation of fructose and further reactions are neglected as C3 yields were 

found to be below 7%. 

3. Side reactions of erythrose are neglected as low amounts of erythritol and 1,2-butanediol 

(<4%) are formed, and erythrose is more active in the retro-aldol pathway than glucose. 

4. Thermal side reactions of glucose and glycolaldehyde are deemed overall reactions and 

are not differentiated. 

 

Figure 62: Simplified reaction network for catalytic conversion of glucose to ethylene glycol [157]. 

Experiments were performed in a semi-continuous reactor system to determine the individual 

rate expressions.  

Experimental and simulated results are shown in Figure 63 for various temperatures and feeding 

rates. Here it can be seen that while 1,2-PG and other polyols are not accounted for in the sim-

ulation and the yield of ethylene glycol is over predicted, the general trends are predicted well 

by the model, especially for the experiments covering the effect of temperature. Here, the yield 

of hexitols are very high at the low temperatures (> 60 mol% C) but is rapidly reduced with 

increasing temperature. 
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Figure 63: Simulation and experimental results for A) 0.06g AMT, 4% Ru/AC (0.3g), 5 MPa H2 and a feeding rate of 0.667 

mL/min using a 10% glucose solution and B) 0.06g AMT, 4% Ru/AC (0.4g), 5 MPa H2 and 240 °C using a 10% glucose solution 

[157, 163]. 

Ooms et al. [164] also investigated this process of conversion of glucose to ethylene glycol and 

found the highest yield of 66% at 260 °C in a fed-batch reactor. Their results for temperature 

series is shown in Figure 64. 
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Figure 64: Effect of reaction temperature on product yields and conversion. Fed-batch reactor loaded with 20 mL H2O and 0.8g 

2% Ni-30% W2C/AC and 60 bar H2. 30 mL 333 g/L glucose solution was pumped into the reactor over 3 hours. (◇) mass 

balance, (■) ethylene glycol, (▲) sorbitol [157]. 

 

2.6 Catalytic upgrading of glycolaldehyde to ethylene glycol 
Osmundsen et al. [14] produced ethylene glycol by a two-stage process from glucose. The first 

step consisted of performing pyrolysis of aqueous glucose sprayed into a fluidized bed reactor 

similarly to the process reported by Majerski et al. [6] to produce a glycolaldehyde rich vapor. 

From a 20 wt% aqueous glucose solution pyrolyzed according to the process described by Majer-

ski et al., they obtained the product composition shown in Table 19.  

Table 19: Primary pyrolysis product composition. Glycolaldehyde (GA), glyoxal (GLO), pyruvaldehyde (PA), formaldehyde 

(FA), acetol (ACE), ethylene glycol (EG), propylene glycol (1,2-PG) and methanol (MeOH) [14]. 

 GA GLO PA FA ACE EG 1,2-PG MeOH 

Pyrolysis prod-

uct composi-

tion, g/L 

145.9 5.4 17.8 16.5 5.7 - - - 

 

The primary pyrolysis composition was subsequently upgraded by catalytic gas-phase hydro-

genation for the production of ethylene glycol. Gas phase hydrogenation of the pyrolysis product 

composition shown in Table 19 was performed using a 10% Cu/C catalyst at 230 °C and a 

residence time of 0.15s. A hydrogen partial pressure of 0.46 atm was employed, and prior to 

operation, the catalyst had been activated (reduced) at 300 °C in a flow of hydrogen for 2 hours. 

The ethylene glycol yield was 79% (calculated based on hydrogenation of glycolaldehyde and 

glyoxal), the propylene glycol yield was 41% (calculated based on hydrogenation of pyruvalde-

hyde and acetol) and the resulting hydrogenation product composition is shown in Table 20. 
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Table 20: Product composition obtained by hydrogenation of the pyrolysis product composition shown in Table 19. Glycolal-

dehyde (GA), glyoxal (GLO), pyruvaldehyde (PYR), formaldehyde (FOR), acetol (ACE), ethylene glycol (EG), propylene gly-

col (1,2-PG) and methanol (MeOH) [14]. 

 GA GLO PYR FOR ACE EG 1,2-PG MeOH 

Hydrogenation 

product composi-

tion, g/L 

12.2 - - 3.8 14.2 120.4 5.9 5.5 

 

Further upgrading of the product composition shown in Table 20 was done by liquid phase hy-

drogenation using a 5% Ru/C catalyst, 90 bar hydrogen pressure, heated to 80 °C over 15 

minutes and held for two hours. This step resulted in glycolaldehyde conversion of 100%, eth-

ylene glycol yield of ≥ 98% and propylene glycol yield of ≥ 98%. This shows that the gas phase 

hydrogenation product composition can be further upgraded by liquid phase hydrogenation with 

complete glycolaldehyde conversion and high selectivity for ethylene glycol. 

The total yield of the combined gas phase (Table 19) and liquid phase (Table 20) hydrogenation 

steps were > 89% for ethylene glycol and >84% for propylene glycol. 

Comparing the direct liquid phase catalytic conversion of glucose to ethylene glycol with the 

sugar cracking process followed by hydrogenation to ethylene glycol (glycolaldehyde intermedi-

ate), the two processes are very different. The direct process uses lower temperatures (~200–260 

°C) and high hydrogen pressure (20–90 bar) as well as long reaction times (0.7–3 hours), while 

the two-step process uses higher temperature in the first cracking reactor (~515 °C), and lower 

temperature in the second hydrogenation reactor (~230 °C) and lower hydrogen partial pressure 

(~0.5 bar), while the total residence time for the two-step process is ~1–2 seconds. As such, the 

two-step process is operated at significantly lower pressure and residence time, although the 

temperature is high in the first reactor. Although interesting to perform the conversion in a single 

step, the high residence time and high hydrogen partial pressure is disadvantageous from a com-

mercial point of view that makes it more difficult to scale up the process as it requires large 

reactor vessels designed for high pressures. It would be interesting to better understand the effect 

of residence time for the single step process, and how the severity of reaction conditions could 

be manipulated to reduce the required residence time. The direct conversion process uses a het-

erogeneous catalyst Ru/AC and a homogenous catalyst AMT (ammonium metatungstate), and 

in an industrial process, catalyst lifetime, separation and regeneration are important depending 

of the cost of the catalyst. Separation of the catalyst may be challenging in this process, especially 

for the homogenous catalyst. 
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2.7 Conclusions from literature 
Glucose can be converted by pyrolysis processes, and the resulting product distributions depend 

strongly on the method of conversion. Conversion of solid glucose in micropyrolyzers at 500 °C 

showed low yields of glycolaldehyde (5–6%) [86, 88, 91, 95], while conversion of aqueous solu-

tions in liquid phase at high pressure (35 MPa) and 450 °C showed glycolaldehyde yields of 64% 

[121]. Spraying aqueous solutions in fluidized beds (sugar cracking process) at ~500 °C showed 

yields of glycolaldehyde up to 74% [6–8]. However, there is very little published literature on the 

sugar cracking process, and it is not well understood. It would be interesting to further investigate 

the sugar cracking process, and to better understand the effects of operating conditions to im-

prove the process. 

Reaction pathways and kinetics have been extensively investigated in the literature for pyrolysis 

of glucose, especially for its implications for cellulose pyrolysis as a model compound. Paine III 

et al. [59, 132, 134–136] investigated pyrolysis of isotopically labeled glucose, found origin of 

carbon positions in the formed products and proposed reaction pathways. They found that in-

corporation of isotopes in glycolaldehyde appeared pairwise, with the preferred order being C-

1/C-2 > C-5/C-6 ≫ C-3/C-4 (≫≫ C-2/C3 and C-4/C-5), as would be expected from a series of 

retro-aldol reactions occurring from glucose. 

Seshadri & Westmoreland [140] performed theoretical work on pyrolysis of sugars by calculating 

gas phase kinetic parameters for pyrolysis of glucose and related reactions based on quantum-

chemical and statistical mechanics calculations and discussed the implications for cellulose py-

rolysis. They considered retro-aldol degradation reactions and isomerization reactions, includ-

ing the catalytic effect of water partial pressure. Their work is used for kinetic model develop-

ment in this work. 

Glycolaldehyde can be further converted to a number of other useful chemicals such as ethylene 

glycol by catalytic hydrogenation [14], glycolic acid by oxidation [15], methyl vinyl glycolate 

(MVG) [16–18] and ethanol amines [19–21]. Osmundsen et al. [14] reported ethylene glycol 

yield of 79% from gas-phase catalytic hydrogenation of a glucose sugar cracking product mix-

ture. 

Production of ethylene glycol directly from glucose has also been investigated in the literature, 

with reported yields up to 66% by Ooms et al. [164] at 260 °C and 90 bar H2 in a fed-batch reactor 

using a 2% Ni-30% W2C/AC catalyst.  

Another approach for glucose to ethylene glycol was using ammonium metatungstate (AMT)-

Ru supported on active carbon (AC), 5 MPa H2, temperature of 240 °C, where 60% yield was 

obtained [157].
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3 Experimental section 

3.1 Reactor setups 

3.1.1 REN07 fluidized bed reactor 

The smallest fluidized bed reactor used in this project is a simple fluidized bed reactor with an 

insertable spray atomization nozzle. The reactor consists of a bottom, narrower section (22.1 

mm ID, length 480mm), and an upper disengager zone (56.3mm ID, length 280 mm) that re-

duces the velocity of fluidized particles to minimize particle elutriation. An internal thermocou-

ple measures the temperature at ~2 cm above the bottom of the bed, however the height can be 

adjusted. The reactor does not have a gas distribution plate in the bottom section.  

During operation, the reactor is placed in a three heat-zone tubular oven covering the narrow 

bottom part of the reactor, while heat tracing and an insulation jacket was used for the upper 

disengager zone. 

A picture of the reactor setup is shown in Figure 65. The fluidized bed reactor loaded with par-

ticles is placed inside the tubular oven. The two-phase spray nozzle atomizes the feed with N2 

and supplies the fluidization gas. The liquid feed is placed on a scale to monitor the flowrate and 

is pumped with a peristaltic pump to the spray nozzle and reactor. The feed is rapidly heated 

once entering the reactor, and products are subsequently carried out of the reactor and led 

through a condenser operated at 2–3 °C. Samples of the condensed product is obtained at differ-

ent times using a multiport valve. 

 

Figure 65: Picture of REN07 fluidized bed reactor setup. 
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Throughout the course of this project, experiments run in this reactor had a low success rate, 

resulting in questionable reproducibility and tedious data acquisition. As a result, most of the 

experiments have been reproduced on the REN09 fluidized bed setup (section 3.1.2) with higher 

quality of data. 

 

3.1.2 REN09 fluidized bed reactor 

The second generation of the laboratory fluidized bed reactor, REN09, was generally found to 

be a more reliable reactor setup, and has been the most commonly used fluidized bed setup in 

this project.  

The reactor consists of a bottom fluidization zone (41 mm ID) and a disengager zone (69 mm 

ID) externally heated fluid bed reactor fluidized by N2 preheated and fed through a sintered 

quartz distributor plate. The total length of the reactor is about 600 mm. The liquid feeds were 

fed using a two-phase spray nozzle with N2 for atomization. The droplets were rapidly heated, 

and the vapor residence time was approximately 1 sec. The product vapors were cooled to an 

intermediate downstream temperature (usually 220 °C) and passed through a cyclone to remove 

particles and subsequently condensed in a surface condenser at 2-3 °C. A schematic of the pro-

cess is shown in Figure 66. In some experiments, a cut-stream of the off gas was passed through 

a GC, and permanent gases were analyzed. 

 

Figure 66: Schematic of REN09 sugar cracking unit. [7] 

For most experiments, where the bed temperature was 515 °C and 14 NL/min N2 has been used 

along with the Silibeads 90–150 µm bed material (Sauter mean diameter 131 µm), the fluidiza-

tion properties can be calculated using the correlations in section 2.3 (E 1)–(E 5) along with the 
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REN09 fluidized bed reactor geometry. The results are shown in Table 21, and consider the 

reactor (bottom) and disengage zones (calculations shown in Appendix 8.2). 

Table 21: Fluidization properties calculated at 515 °C, 2.15 g min-1 water, 14 NL min-1 N2. Bed material: 100 g 90–150 µm 

Silibeads type S (calculated at Sauter mean diameter of 131 µm). 

 Value Unit 

vreactor 0.57 m/s 

vdisengager 0.20 m/s 

Rep,reactor 0.88 - 

Rep,disengager 0.31 - 

Remf 0.013 - 

Ret 0.83 - 

vmf 0.0083 m/s 

vt 0.54 m/s 

vreactor/vmf 68 - 

vreactor/vt 1.05 - 

vdisengager/vmf 24 - 

vdisengager/vt 0.37 - 

 

The linear gas velocity is about 0.6 m/s in the reactor zone, and 0.2 m/s in the disengage zone 

during operating. The Rep numbers for both the reactor and disengage zones are less than 1, 

corresponding to laminar flow. The fluidized bed reactor is operated at 68 and 24 times the 

minimum fluidization velocity in the reactor and disengager zones, respectively. In the reactor 

zone, the linear gas velocity is slightly above the terminal drop velocity, while it is below the 

terminal drop velocity in the disengager zone (keeping particles in the fluidized bed). The reactor 

is operated with a high degree of fluidization, which ensures high heat and mass transfer, which 

is also reflected in the temperature profile of the reactor during operation (shown in Figure 67 

for the experiment in Figure 68. The temperature profile is stable in the whole bottom reactor 

zone, even at the liquid injection point. The temperature drops gradually in the disengager zone, 

where the particle concentration is very low. 

 

Figure 67: Temperature profile in REN09 reactor during experiment. Reaction conditions: 515 °C, 2.15 g min-1 20 wt% aqueous 

glucose solution, 14 NL min-1 N2, vapor residence time ~1 s. Bed material: 100 g 90–150 µm Silibeads type S. 
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3.2 Analysis work 

3.2.1 Liquid product analysis 

Liquid product samples were analyzed using two HPLC systems: 

1. Agilent Technologies 1200 Infinity Series HPLC. The HPLC uses an Aminex HPX-87C 

column operated at 80 °C and with a flow of 0.6 mL/min, using Milli-Q water eluent. 

The sample injection volume was 1.00 µL for quantification of 1,3-dihydroxyacetone 

(DHA), glyceraldehyde, levoglucosan (LGA) and 1,6-anhydroglucofuranose (1,6-

AHGF). 

2. Agilent Technologies 1260 Infinity HPLC. The HPLC uses an Aminex HPX-87H col-

umn operated at 65 °C and with a flow of 0.6 mL/min, using 0.004M H2SO4 as the 

eluent. The sample injection volume was 1.00 µL for quantification of formaldehyde, 

glyoxal, glycolaldehyde, acetic acid, pyruvaldehyde and acetol. 

A refractive index detector was used for detection, and products were quantified in g/L based 

on calibration curves of pure compounds. The density of the products was measured using an 

Anton Paar DMA 35 density meter. 

 

3.2.2 Gas product analysis 

Permanent gases were analyzed using Agilent Technologies 7890A chromatograph with 

HayeSep N80/100, MS13X and HP-INNOWax columns, and using a TCD and FID for quan-

tification. 
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4 Experimental results and discussion  
4.1 Fluidized bed sugar cracking 
4.1.1 Effect of time on stream 

Investigating the effect of time on stream is especially important for an industrial process, since 

the process must be able to operate stable for a long time without decrease in product selectivity.  

Parts of this chapter is based on a previous publication: [7]. For the complete publication and 

supplementary material, see Appendix 8.2. 

“Figure 68 shows the results of a 90 h glucose cracking experiment. Stable product yields are 

obtained, with a yield of glycolaldehyde of 72–73%, and a total carbon balance of 93–95% in the 

condensed aqueous product. The high carbon balance suggests that only small amounts of char 

and permanent gases (not measured for this experiment) are formed at these reaction conditions. 

This was also observed by Majerski et al. [6], who found only 0.14 wt% char (based on fed 

glucose) and 0.51 wt% gases from glucose cracking at 523 °C [6]. The formation of significant 

amounts of C1 and C3 compounds, such as formaldehyde and pyruvaldehyde, show that other 

reactions than the direct retro-aldol reaction of glucose occur. This may include isomerization 

of glucose to fructose prior to retro-aldol reaction, as the direct retro-aldol reaction pathway for 

glucose produces a C2 and a C4 oxygenate (which undergo further retro-aldol reaction to two C2 

oxygenates or, through isomerization to erythrulose, a C1 and a C3 oxygenate), as opposed to 

fructose, which produces two C3 oxygenates, that may further produce a C1 and a C2 species 

[132, 135, 140]. 

Glyoxal, acetol and pyruvaldehyde are also considered valuable products, as they can potentially 

be hydrogenated to their respective glycols, ethylene glycol and propylene glycol [14]. Thus, the 

yield of valuable oxygenates is as high as 86% when considering glycols production. Acetic acid 

and formaldehyde constitute together about 8%, and are considered lower value products.” [7] 
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Figure 68: Product distribution profile for a 90 h glucose cracking experiment. Reaction conditions: 515 °C, 2.15 g min-1 20 wt% 

aqueous glucose solution, 14 NL min-1 N2, vapor residence time ~1 s. Bed material: 100 g 90–150 µm Silibeads type S. [7] 

4.1.2 Effect of glucose feed concentration 

Parts of this chapter is based on a previous publication: [7] 

“The feed concentration is highly influential on the scalability and commercial prospects of the 

process, as a higher sugar concentration means an increased production capacity and reduced 

heat requirements for water evaporation, both for the process itself and in any downstream pu-

rification. 

The glucose concentration was varied in the range 10–60 wt% and the results are shown in Fig-

ure 69 (photo of liquid products also shown). The yield of glycolaldehyde was highest at 73–74% 

with 20–30 wt% glucose in the feed. At lower glucose concentrations, the glycolaldehyde yield 

decreased, probably because carbon losses in the setup are relatively higher at lower feed con-

centration. However, only the yield of glycolaldehyde was lower at 10% glucose feed concentra-

tion, while other products were unchanged or even slightly higher indicating that other effects 

may be at work too. At higher feed concentrations, the glycolaldehyde yield also decreased with 

no other observed condensed liquid product significantly increasing. The total carbon balance 

similarly decreased by 6 percentage points when the feed glucose concentration increased from 

40% to 60%. An explanation could be that reactions of higher order producing permanent gases 

and char become more predominant at higher concentrations. It may also be that condensation 

of the organic compounds became less efficient when the concentration of water was reduced.” 

[7] 

It was also considered whether the decrease in glycolaldehyde yield at higher concentration 

could be related to increasing viscosity of higher feed concentrations possibly affecting the spray 

pattern. To test this, experiments were run with pre-heating of the aqueous glucose feed at 50 
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and 60% to 60 °C to reduce viscosity. However, it was not found to improve stability of operation 

or the glycolaldehyde yield. 

  

Figure 69: Effect of glucose concentration on product distribution. Reaction conditions: 515 °C, 2.15 g min-1 aqueous glucose 

solution, 14 NL min-1 N2, vapor residence time ~1 s. Bed material: 100 g 90–150 µm Silibeads type S. [7] 

 

4.1.3 Effect of sugar feed substrate 

Parts of this chapter is based on a previous publication: [7] 

“The sugar cracking process was also investigated for the monosaccharides fructose and xylose, 

as well as sucrose, a disaccharide of glucose and fructose. Figure 70 shows that the product 

distribution significantly depended on the sugar feedstock.  

 

Figure 70: Effect of feedstock on product distribution. Reaction conditions: 515 °C, 2.15 g min-1 20 wt% aqueous sugar solution, 

14 NL min-1 N2, vapor residence time ~1 s. Bed material: 100 g 90–150 µm Silibeads type S. Gluc/fruc is an equal glucose/fruc-

tose mixture and gluc/fruc calc is the theoretical distribution calculated from the glucose and fructose experiments. 
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As for glucose, the other monosaccharides showed ~93–95% carbon recovery in the condensed 

liquid product, with the remaining carbon expected to be char, non-condensable gases and losses 

in the process. Glucose showed the highest yield of glycolaldehyde at 73%, as expected from the 

cracking pathway proposed in Figure 71, as it can crack to three C2 oxygenates. The C5 mono-

saccharide xylose showed a glycolaldehyde yield of 66%, with a significantly increased formal-

dehyde yield of 15% compared to 7% for glucose. This is in agreement with the proposed crack-

ing pattern in Figure 71. Xylose can isomerize to xylulose, and both can crack further to a C2 

(1,2-ethenediol or glycolaldehyde) and a C3 (glyceraldehyde or prop-1-ene-1,2,3-triol) oxygen-

ate. Glyceraldehyde can further undergo cracking by retro-aldol reaction to a C1 (formaldehyde) 

and a C2 oxygenate (1,2-ethenediol, tautomerizes to glycolaldehyde). Cracking of fructose 

yielded only 40% glycolaldehyde, significantly lower than for glucose and xylose.  This is due to 

the fructose cracking pattern yielding two C3 components (glyceraldehyde and prop-1-ene-1,2,3-

triol), where glyceraldehyde can undergo further cracking to a C1 and a C2 oxygenate, while 

prop-1-ene-1,2,3-triol can isomerize to dihydroxyacetone (not observed) or further dehydrate to 

pyruvaldehyde. Comparing cracking of fructose and glucose, the yields of formaldehyde and 

pyruvaldehyde were especially higher for fructose. However, significant amounts of C1 and C3 

oxygenates were also produced by cracking of glucose, which may suggest that some glucose 

isomerizes to fructose prior to retro-aldol reaction steps.  

 

Figure 71: Proposed reaction network for monosaccharide decomposition to the observed main products [132, 135, 140]. Arrows 

leaving boxes are retro-aldol reactions. 

Cracking an equal fructose/glucose mixture yields similar results as the mean values for glucose 

and fructose cracked individually, suggesting only limited cross-interaction between different 
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feeds when using 20% feed solutions. This is especially relevant in an industrial application 

where it may be desirable to use a pre-hydrolyzed sucrose feed, rather than the pure monosac-

charide sugars. Cracking of sucrose was also investigated. While sucrose produced 39% glycolal-

dehyde, the total carbon balance was significantly lower than for the monosaccharide sugars. 

This is likely because ring opening is required for the sugars to undergo the retro-aldol reactions. 

Sucrose is a non-reducing sugar, thus ring-opening cannot occur before hydrolysis of the glyco-

sidic bond. As the products from sucrose cracking are similar to those from glucose and fructose 

cracking, although the distribution is different, it is likely that some sucrose hydrolyses under the 

applied reaction conditions. The significantly lower carbon balance associated with using su-

crose as the feed (67%, compared to 93–95% for fructose or glucose), is likely due to increased 

char formation from pathways in competition with sucrose hydrolysis.” [7] 

Additional feed substrates were tested and compared in Figure 72. These were prepared as only 

5% in water as they are more prone to cause defluidization of the bed. Cellulose and starch feeds 

were prepared as particles suspended in water, and fed from a rigorously stirred flask using a 

magnetic stirrer during experiments. 5% glucose is also shown for comparison with the other 

feed substrates. Interestingly, sucrose (disaccharide of glucose and fructose) shows a higher yield 

of glycolaldehyde than maltose (disaccharide of two glucose units), even though glycolaldehyde 

yields from glucose is significantly higher than from fructose (Figure 70). This suggests that the 

disaccharides do not completely hydrolyze to monosaccharides prior to cracking, and that dif-

ferent degrees of hydrolysis occur from maltose and sucrose. Furthermore, other reactions prior 

to hydrolysis may also occur. This could include char formation (not quantified) which reduces 

the overall carbon balance from the experiments. It may also be that disaccharide hydrolysis is 

more prone to happen from sucrose than from maltose. The yield of formaldehyde is signifi-

cantly higher from sucrose than maltose (which may be indicative of fructose decomposition), 

however a similar increase in pyruvaldehyde is not observed from sucrose compared to maltose. 

Maltose (α-1,4) and cellobiose (β-1,4), both dimers of glucose, show similar yields.  

The yield of CO and CO2 (14%) is significantly higher for cellulose (not measured for starch) 

compared to glucose (5%), and levoglucosan is also produced from cellulose (6%), while it is 

generally not produced from glucose. It is interesting that cellulose and starch yield the same 

oxygenate products (although in different distributions) as glucose. 10–12% glycolaldehyde was 

obtained from cellulose and starch cracking and were not dissolved unlike glucose. Cellulose 

and starch are polymers and do not vaporize and decompose in the gas phase. However, as 

similar products are observed as from glucose, it may be that cellulose and starch hydrolysis 

occurs, producing smaller fragments including glucose, which can vaporize and decompose to 

the known oxygenate products. Dehydration to levoglucosan occurs to a significant extent from 

cellulose and starch, while generally not observed from glucose. It may be interesting to again 

consider literature results of solid glucose and cellulose pyrolysis in micropyrolysis reactors, and 

the difference in product distribution compared to the sugar cracking process. For example, the 

results of Patwardhan et al. [88] of glucose and cellulose pyrolysis at 500 °C with vapor residence 

time of 1 s that was shown in Table 8 showed about 7% yield of glycolaldehyde from both glu-

cose and cellulose, while the yield of levoglucosan was 7% from glucose, and 58% from cellulose. 

In comparison with the sugar cracking process results in Figure 72, 0% levoglucosan was formed 

from glucose, and 6% was formed from cellulose. The solid substrate micropyrolysis experiments 

show similar products formed from glucose and cellulose, although they are different from the 
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products formed from the sugar cracking process. Similarly, the sugar cracking process yield 

similar products formed from both glucose and cellulose. 

 

Figure 72: Effect of feedstock on product distribution. Reaction conditions: 515 °C, 2.15 g min-1 5 wt% substrate in water, 14 

NL min-1 N2, vapor residence time ~1 s. Bed material: 100 g 90–150 µm Silibeads type S. No GC measurements in sucrose and 

starch experiments. 

 

4.1.4 Effect of operating temperature 

Parts of this chapter is based on a previous publication: [7] 

“The influence of operating temperature is shown in Figure 73. The carbon mass balance and 

glycolaldehyde yield were clearly correlated, and at the optimal temperature of 525 °C, 74% 

glycolaldehyde yield and a condensed carbon mass balance of 95% was achieved. At lower tem-

peratures, the glycolaldehyde and carbon yields were lower, possibly due to increased char for-

mation.” [7] 

At higher temperatures, the glycolaldehyde yield was reduced, which may in part be explained 

by the increased formation of permanent gases. The yield of permanent gases was 2% at 515 °C 

and 14% at 600 °C. Majerski et al. [6] also found an increase in the gas formation from 0.51 wt% 

at 523 °C to 6.15 wt% at 573 °C. Increased formation of permanent gases does not account for 

all of the decrease in the yield of glycolaldehyde, as can be observed from the total carbon bal-

ance, which decreases with temperature. It is not established why the total carbon balance de-

creases with temperature, however it may be that the product distribution changes towards prod-

ucts that are more difficult to condense or not detected. 
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Figure 73: Effect of temperature on glucose cracking. Reaction conditions: 2.15 g min-1 20 wt% aqueous glucose solution, 14 NL 

min-1 N2, vapor residence time ~1 s. Bed material: 100g 90–150 µm Silibeads type S. 

It is of interest to better understand the sugar cracking process at lower temperatures. However, 

low temperature has generally been found to lead to troublesome operation due to defluidization 

tendencies, resulting in poor reproducibility and questionable results. However, it may be that 

lower temperatures are advantageous with respect to the cracking chemistry, but that operation 

is difficult due to feed evaporation causing issues related to defluidization leading to lower yield 

at lower temperature. In an attempt to test glucose cracking at lower temperatures, a 5% feed 

solution was used rather than a 20% solution. As was shown in Figure 69, the yield of glycolal-

dehyde was lower when the feed concentration was lower than 20%. Lowering the feed concen-

tration to 5% allowed for performing glucose cracking experiments down to 460 °C, and the 

results are shown in Figure 74. Here, it can be seen that the GA yield increased for decreasing 

temperature, with the highest yield of 63% at 460–480 °C. It may be that the experiments with 

20% glucose solution in Figure 73 at lower temperature than 515 °C experienced some issues 

with partial defluidization causing a decrease in the yield, but not sufficient to cause complete 

defluidization. If that is the case, the optimum temperature of 515–525 °C may be related to fluid 

bed operation rather than optimized chemistry.  
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Figure 74: Effect of temperature on glucose cracking. Reaction conditions: 2.15 g min-1 5 wt% aqueous glucose solution, 14 NL 

min-1 N2, vapor residence time ~1 s. Bed material: 100g 90–150 µm Silibeads type S. 

The effect of operating temperature was also investigated for fructose and xylose feeds and re-

sults are shown in Figure 75. The lowest temperature for each sugar was the lowest temperature 

where it was possible to operate the process without defluidization. It was possible to operate 

xylose at a lower temperature than fructose and glucose, possibly because it is a lighter C5-sugar 

compared to the C6-sugars. Optimum temperature for the yield of glycolaldehyde was ~500 °C 

for xylose and fructose, which is similar to other sugars. However, temperatures lower than 500 

°C could not be investigated when using fructose as the feed due to defluidization. Operating 

fructose at lower feed concentration to attempt cracking at lower temperature was not tested, 

however it is likely that it could be done (as was seen for glucose). At higher temperatures, for-

mation of permanent gases increased while the yield of glycolaldehyde and pyruvaldehyde de-

creased. 

 

Figure 75: Effect of temperature on fructose and xylose cracking. Reaction conditions: 2.15 g min-1 20 wt% aqueous fructose 

solution, 14 NL min-1 N2, vapor residence time ~1 s. Bed material: 100 g 90–150 µm Silibeads type S. 
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Glycolaldehyde and 1,3-dihydroxyacetone were also fed to the fluidized bed reactor to investi-

gate their decomposition products. DHA is an intermediate in the reaction scheme in Figure 71, 

while GA is an end-product. Both compounds are relevant for the kinetic model developed in 

section 5. Results for feeding GA and DHA is shown in Figure 76. Interestingly, for the case of 

GA, the recovery is up to 91%, while some glycolaldehyde is converted to other oxygenate prod-

ucts that are also seen when using sugar feeds. The formation of C3 acetol and pyruvaldehyde 

are not well understood from the C2 glycolaldehyde, but must involve some recoupling reactions 

such as aldol – retro-aldol and unknown redox reaction (for acetol). The decomposition of gly-

colaldehyde to permanent gases CO and CO2 increases with temperature from 2% at 515 °C to 

15% at 600 °C. As for the previous temperature dependency of sugar decomposition, CO for-

mation is more sensitive to increased temperature. 

Feeding DHA also yielded the familiar products, with the optimum yield of glycolaldehyde of 

41% at 520 °C. At lower temperature, GA yield decreases while pyruvaldehyde increase, and at 

higher temperature DHA decreases while formation of permanent gases increases. 

 

Figure 76: Experimental results for experiments feeding GA (left) and DHA (right), at various temperatures. Reaction condi-

tions: 2.15 g min-1 10% aqueous solution, 14 NL min-1 N2. Bed material: 100g 90–150 µm Silibeads type S. 

The C4-sugar erythrulose was also tested in the fluidized bed setup, with results shown in Figure 

77. The main products from cracking of erythrulose are pyruvaldehyde and formaldehyde, fol-

lowed by glycolaldehyde (and CO at 600 °C). According to the proposed reaction network in 

Figure 71, the retro-aldol reaction products of erythrulose are a C1 (formaldehyde) and C3 (prop-

1-ene-1,2,3-triol). Prop-1-ene-1,2,3-triol has not been observed experimentally for any experi-

ments, but it can be further converted to pyruvaldehyde. Prop-1-ene-1,2,3-triol may also tau-

tomerize to glyceraldehyde, which can form glycolaldehyde and formaldehyde by retro-aldol 

reaction, which can explain the formation of C2 from erythrulose. Glycolaldehyde may also be 

formed from another pathway, namely isomerization of erythrulose to erythrose (similar to fruc-

tose to glucose), and the retro-aldol reaction products of erythrose are two C2 species glycolalde-

hyde and 1,2-ethenediol (which may further tautomerize to another molecule of glycolalde-

hyde). The highest yield of oxygenate products was obtained at 515 °C (pyruvaldehyde 35%), 

which was also found to be close to the optimum temperature for other sugar feedstocks (glucose, 

fructose, xylose, DHA) tested in this thesis. At higher temperature, the yield of pyruvaldehyde 
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significantly decreases, and more so than formaldehyde, which is produced from the same reac-

tion pathway. This may be due to the temperature stability of pyruvaldehyde, which may be 

more prone to decompose to permanent gases such as CO, which is the major product (22%) at 

600 °C. From these experiments, the total mass balance and total carbon balance are closely 

correlated, which has generally not been seen for temperature series for other sugars, and the 

reason is not known. At 515 °C, the total carbon balance is 91%, while it is only 80% at 600 °C 

despite permanent gases being measured. The drop in carbon balance at high temperature is not 

well understood, but may be related to formation of other products not detected, or related to 

more difficult condensation of vapors for these experiments, as indicated by the simultaneous 

decrease in the total mass balance at higher temperatures (This however does not explain the 

lower total mass balance observed at 460 °C). However, as discussed earlier, the correlation 

between total mass and carbon balances have generally not been seen for other sugar temperature 

series, so it may be considered if these experiments should be repeated to confirm this effect. 

 

Figure 77: Experimental results for experiments feeding erythrulose at various temperatures. Reaction conditions: 2.15 g min-1 

14% aqueous solution, 14 NL min-1 N2. Bed material: 100g 90–150 µm Silibeads type S. 

 

4.1.5 Spray atomization nozzle parameters 

The atomization pattern of the spray nozzle is dependent on the amount of gas (nitrogen) used 

to atomize the liquid (water) droplets, and higher gas flows generally leads to smaller droplets. 

It is of interest to investigate the effect of the droplet size distribution on the product distribution. 

Smaller droplets lead to shorter evaporation times and this may influence the product distribu-
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A high speed camera was used to capture the spray behavior for varying gas flows through the 

spray nozzle and are shown in Figure 78. 

 

Figure 78: Pictures of spray atomization nozzle behavior with varying gas flow. Work carried out by Sønnik Clausen at DTU. 

From Figure 78 it can be seen that the spray pattern varies strongly with the gas flow. The sprays 

characteristics were quantified by Sønnik Clausen using image processing of the high speed cam-

era images. The resulting distributions are shown in Figure 79 for two cases. 

 

Figure 79: Accumulated distributions for spray atomization nozzles. Work carried out by Sønnik Clausen at DTU. 

The spray atomization nozzle was also tested for other liquid flowrates as shown in Figure 80. 

The liquid flow rate also influences the droplet size distribution, with smaller droplets being 

formed at lower liquid flowrates, especially for lower gas flow rates. At 6 NL/min, this effect is 

smaller. 
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Figure 80: D90 (volume) for varying liquid and gas flows. Work carried out by Sønnik Clausen at DTU. 

Experiments were carried out in the REN09 fluidized bed reactor setup investigating the effect 

of the gas atomization flowrate through the spray nozzle, with results shown in Figure 81. To 

keep the total gas flowrate constant through the experiments, the bottom fluidization nitrogen 

gas flowrate is reduced when the spray atomization gas flowrate is increased. 

 

Figure 81: Product distribution for experiments covering effect of spray atomization flowrate. 2.15 g/min 20% aqueous glu-

cose solution. Bed temperature 515 °C, total nitrogen flowrate 14 NL/min. Bed material: 100 g 90–150 µm Silibeads type S. 

The yield of glycolaldehyde seems to have an optimum around 4–6 NL/min nitrogen through 

the spray nozzle of 73–74%. There is very little difference in the product yields between 4 and 6 

NL/min, even though the droplet size distribution is significantly different according to Figure 

79.  

The d2-law (discussed in section 2.3.3) has been used to evaluate the required evaporation time 

for various droplet sizes and operating conditions and is shown in Figure 82 (calculations in 
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Appendix 8.1). At normal spray nozzle operating conditions (~2 g/min, 4NL/min), the accu-

mulated distribution in Figure 79 shows that the largest droplets are ~145 µm (volume D90), and 

these droplets take about 0.4 s to evaporate according to the d2-law. The residence time in the 

fluidized bed section is about 1.0 s. The d2-law considers only the evaporation in the bulk gas, 

and does not include the interaction with the bed material. It should further be noted that in the 

experiments, the atomization gas is room temperature and not 515 °C like the bulk gas, and 

therefore gas mixing in this zone will also influence the evaporation rate. From this considera-

tion, the evaporation time may be longer than predicted by the d2-model. In any case, the model 

shows that droplets do not instantaneously evaporate upon entering the reactor before contacting 

the bed material, meaning that the droplet-particle interaction may be important. Changing the 

spray nozzle operating parameters (to 2 g/min, 6NL/min) significantly increased droplet dis-

persion, with volume D90 reduced to 62 µm, which in turn significantly decreased evaporation 

time (0.07s for 62µm). However, there is not a significant effect on the product distribution. It 

would be interesting to have a better understanding of the droplet-particle interaction. 

 

Figure 82: D2-law model solution for droplet evaporation of water in nitrogen at 515 °C. 

At lower spray flowrates, where the droplet atomization becomes very inefficient, the yield of 

glycolaldehyde is reduced. This may be related to increased defluidization tendency, where a 

general observation has often been a decrease in the yield of glycolaldehyde. Interestingly, the 

glycolaldehyde yield also decreased at higher nozzle spray flowrates of 8 and 10 NL/min, where 

the droplet size distribution can be expected to be significantly smaller than what was observed 

in Figure 79 for 4 and 6 NL/min. At 10 NL/min, the glycolaldehyde yield was 70%. The yield 

reduction at higher spray flowrates could be related to the spray impacting the opposing reactor 

wall where undesired reactions may take place. It could also be related to changes in fluidization 

phenomena occurring from the simultaneous reduction in the bottom fluidization gas flowrate 

(to keep total N2 flowrate at 14 NL/min). The distribution of oxygenate products other than 

glycolaldehyde seem to be not affected by changing the nozzle spray flowrate. 
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4.1.6 Total gas flowrate 

The effect of total gas flowrate was also investigated, keeping the spray atomization parameters 

constant throughout the experiments. The results are shown in Figure 83 and show a limited 

effect on the oxygenate yield. The total mass balance was found to decrease with increasing total 

gas flowrate, which can be attributed primarily to less efficient condensation of water vapor at 

higher gas flowrates. The residence time is approximately 73% higher for the experiment at 10 

NL/min compared to that at 19.5 NL/min. This suggests that most reactions have finished dur-

ing this time, and that further decomposition is limited at these reaction conditions. 

 

Figure 83: Product distribution for experiments covering effect of total gas flowrate. 2.15 g/min 20% aqueous glucose solution. 

Bed temperature 515 °C, spray atomization nitrogen flowrate 4 NL/min. Bed material: 100 g 90–150 µm Silibeads type S. 
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4.1.7 Downstream temperature 

The temperature downstream of the reactor (transfer pipes and cyclone) is heated using oven 

and heat tracing. For other experiments, 220 °C has been the normal operating temperature after 

the fluid bed reactor and before the condenser. Variation in the range 180–350 °C is shown in 

Figure 84. For downstream temperature of 180–270 °C, the yield of glycolaldehyde is in the 

range 71–73%, while there is a significant decrease to 66% when operating the downstream sec-

tion at 350 °C. It appears that only the yield of glycolaldehyde decreases at higher temperature, 

whereas the yield of other oxygenates are not affected by changing the downstream temperature 

in the investigated range. The nature of the decomposition products are not known, as the re-

duction in the yield of glycolaldehyde corresponds with the decrease in the carbon balance of 

the experiments. It is possible that products unaccounted for include additional formation of 

permanent gases or that oxygenate products may form char species that deposit on the cyclone 

and pipe surfaces.  

 

Figure 84: Product distribution for experiments covering effect of downstream temperature. 2.15 g/min 20% aqueous glucose 

solution. Bed temperature 515 °C, total nitrogen flowrate 14 NL/min. Bed material: 100 g 90–150 µm Silibeads type S. 
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4.1.8 Bed material loading 

The effect of bed material loading using Silibeads 90–150 µm type S (the standard bed material) 

was investigated, and resulting product distribution is shown in Figure 85. The results show 

similar product distributions for 50, 100 and 500g when using Silibeads 90–150 µm type S, sug-

gesting that this material is highly inert. It has been considered that the role of the bed material 

is to provide high heat transfer to ensure rapid evaporation and heating to the reaction tempera-

ture. If this is achieved with 50g, it may be that further loading will not further improve the heat 

transfer, or that the heating rates are sufficiently high and further increase may not significantly 

influence the process. If the bed material had a catalytic effect, it could be expected that the 

product distributions were different when using different bed material loadings. 

 

Figure 85: Product distribution for experiments covering effect of bed material loading. 2.15 g/min 20% aqueous glucose solu-

tion. Bed temperature 515 °C, total nitrogen flowrate 14 NL/min. Bed material: 90–150 µm Silibeads type S. 
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4.1.9 Alternative fluid bed materials 

While soda lime glass beads 90–150 µm (Silibeads type S) have been used for most experiments 

in this project, a few other materials have also been tested in this thesis. The complete set of bed 

materials tested are shown in Table 22. 

Table 22: List of bed materials and properties tested in this thesis. 

 Size (µm) Bulk density 

(kg/m3) 

Particle density 

(kg/m3) 

BET area 

(m2/g) 

Other 

Silibeads 

Type S 

90–150 1530 2440 0.03 100% amorphous so-

dium silicate 
 

Gilleleje 

sand 

196–460 1550 - 
 

0.33 calcined at 650 °C, un-
washed, unfractioned 

 

Mullite 65–125 1690 2580 0.14 Al2O3 (61%), SiO2 

(36%) 
 

Alumina 43–127 1320 2330 0.29 80% α-alumina, 13% 
mullite, 1% silica 
quartz 
 

Poraver 

expanded 

glass 

100–300 400 950 0.23 - 

      

 

The materials have been tested and a comparison is shown in Figure 86. The Silibeads show the 

highest yield of GA of all materials at 73%, while Mullite and Gilleleje sand yield 69–70% GA. 

Sand was tested as a simple, cheap material showing the robustness of the process and as a 

comparison for more advanced materials. The yield of 69% GA from Gilleleje sand shows that 

high yields can be obtained with very simple materials, being comparable to other bed materials 

with only slightly lower yield of glycolaldehyde than Silibeads. When using these intermediate 

materials, small amounts of anhydrosugars LGA and 1,6-AHGF were observed, while they were 

not observed from the experiment with Silibeads. This could indicate an undesired catalytic ac-

tivity of these materials. Silibeads has also been found to be the best material with respect to 

stable operation, likely due to less formation of anhydrosugars that may cause defluidization 

issues. Alumina showed a lower yield at 63% glycolaldehyde. The expanded glass was an inter-

esting material as low-density materials are more easily fluidized, which is an advantage in flu-

idized bed reactors and could allow for less fluidization gas usage. However, it showed the low-

est yield of glycolaldehyde among the tested materials at 46%.  
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Figure 86: Product distribution for experiments with various bed materials. 2.15 g/min 20% aqueous glucose solution. Bed 

temperature 515 °C, total nitrogen flowrate 14 NL/min. 100g bed material. No GC measurements for Mullite experiment. 

The reason for the difference in performance of the different materials is not well understood. 

The inertness of the materials has been thought to be an important factor for the performance of 

bed materials, and inert materials are thought to be advantageous for the sugar cracking process 

to reduce formation of undesired products. The role of the bed material is to provide rapid heat 

transfer for the evaporating droplets while avoiding prolonged droplet-particle contact. It has 

been speculated that prolonged contact may lead to droplets and sugar evaporating and reaction 

on the particle surface that could lead to undesired products and char formation, and it may be 

that the materials interact differently with the droplets. Droplet-particle interaction is influenced 

by particle geometry. Rough and porous particles will be more prone to lead to droplets sticking 

to the particle as surface roughness increases the critical heat flux temperature (TCHF) (Figure 18), 

while smoother, non-porous particle will lead to less contact due to break-up and rebound effects 

[79]. For porous materials, the liquid may absorb into the pores, which causes a slower evapo-

ration rate of the liquid [72]. Vaporized sugars and oxygenate products will also need to diffuse 

out of the porous particles and may adsorb on the particle surface, effectively increasing the 

residence time and may lead to undesired reactions. SEM images of various bed materials con-

sidered in this project is shown in Figure 87. Silibeads appear to be near-perfect spheres, while 

Mullite and Gilleleje sand are non-porous, with some surface roughness. Expanded glass and 

Alumina show porosity and surface roughness, and simultaneously lower yield of glycolalde-

hyde.  
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Figure 87: SEM images of bed materials. 

It may also be that the fluid bed materials have a catalytic effect that is relevant for the bed 

material interaction with oxygenates in the gas phase. However, it is difficult to separately in-

vestigate the effects of bed material during evaporation and gas phase stages of sugar cracking. 
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The effect of bed materials was further investigated by decomposition experiments of glycolal-

dehyde over various bed materials and results are shown in Figure 88. The product distribution 

is distinctly different between each bed material. Silibeads showed the highest recovery of gly-

colaldehyde (84%) and least decomposition to other oxygenates. Alumina showed 74% recovery 

of glycolaldehyde. Alumina showed the highest decomposition to CO and CO2, even though the 

expanded glass beads showed the lowest glycolaldehyde recovery (62%) of all materials. For the 

expanded glass beads, the decomposition to permanent gases was not particularly high. Instead, 

formation of formaldehyde, acetol, pyruvaldehyde and acetic acid was higher. Interestingly, no 

glyoxal was formed from glycolaldehyde decomposition over expanded glass beads. The vastly 

different behavior of the bed materials suggests that the decomposition of glycolaldehyde cannot 

solely be attributed to difference in particle geometry (porosity and surface roughness) influenc-

ing the evaporation where one might expect similar ratio of products between different materials. 

The bed materials may have distinct catalytic activities, as suggested by the difference in decom-

position yields and ratios of the observed products from experiments using different bed materi-

als. As mentioned previously, it is difficult to separate the effect of bed material during feed 

evaporation and gas phase cracking. It may be more suitable for further investigation to perform 

experiments in a fixed-bed reactor, where a separate feed evaporation zone can be established, 

and vapors can be passed over the different bed materials. This would allow for investigation of 

evaporation and gas phase decomposition independently. 

 

Figure 88: Product distribution for experiments with various bed materials. 2.15 g/min 10% aqueous glycolaldehyde solution. 

Bed temperature 515 °C, total nitrogen flowrate 14 NL/min. 100 g bed material. 
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4.1.10 Liquid feed flowrate 

The effect of liquid flowrate through the spray atomization nozzle was investigated for the sugar 

cracking of glucose. Interestingly, the product yields, especially glycolaldehyde, was found to be 

strongly influenced by changing the liquid feed flowrate. Results for effect of liquid feed flow 

rate are shown in Figure 89.  

 

Figure 89: Product distribution for experiments covering effect of liquid flowrate. 10% aqueous glucose solution. Bed tempera-

ture 510–515 °C, total nitrogen flowrate 14 NL/min. Bed material: 100 g Mullite. 

At liquid feed rates below approximately 2 g/min, the glycolaldehyde yield is significantly re-

duced. At 2 g/min and higher, the glycolaldehyde yield did not change and was approximately 

70%, while at 0.5 g/min, the glycolaldehyde yield was 17%. Anhydrosugars, here levoglucosan 

(LGA) and 1,6-anhydroglucofuranose (1,6-AHGF), become dominant products at the low liq-

uid flowrates, constituting about 20% carbon yield at 0.5 g/min, while they are only observed in 

small amounts above 2 g/min with the Mullite bed material. With the 90–150 µm Silibeads type 

S bed material that has been used for most of the other experiments, the anhydrosugars are not 

observed above 2 g/min, suggesting that the bed material also plays a role in the formation of 

anhydrosugars. However, anhydrosugars are formed at lower liquid feed rates with 90–150 µm 

Silibeads type S. 

Two HPLC chromatograms (HPX-87C) are shown for the liquid flow rate series in Figure 90 A 

and B. There are very noticeable differences in the chromatograms, especially for the peaks at 

10.95 min (1,6-AHGF) and at 12 min (where pyruvaldehyde and LGA co-elute). LGA and 1,6-

AHGF have been quantified using another HPLC setup (HPX-87H), where they do not co-elute 

with other compounds (Figure 90 C). 
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Figure 90: HPLC chromatograms for liquid flowrate experiments at 510–515 °C, 100g Mullite, 14 NL/min, 10% glucose 0.5 

g/min (A and C) and 1.3 g/min (B). 

In general, operation of the fluidized bed sugar cracker was more difficult when operating at low 

liquid flow rates when using glucose as the feed substrate. Even though less heat will be required 

to evaporate the feed, it was more prone to defluidization, as well as plugging, leading to rapid 

pressure buildup. This behavior is likely due to the new products that are formed at lower liquid 

flowrates, namely heavier anhydrosugars or formation of oligomers that are not carried out of 

the system and may deposit on surfaces. The total carbon balance is lower with lower liquid 

flowrate (only 53% at 0.5 g/min), and there is a significant amount of carbon not accounted for, 

indicating less effective condensation or other products that are not identified. Increase in pres-

sure drop over time was also observed for many of these low liquid flow experiments. In some 

cases, the increase in pressure drop was so rapid that operation could not continue after just a 

few hours, even though the amount of glucose fed is simultaneously reduced with the liquid feed 

flowrate.  

LGA, being commercially available and one of the new products formed at low liquid flow rates, 

was used as feed to the REN09 reactor in an experiment to assess whether this compound was 

responsible for the observed defluidization and pressure buildup. 2.15 g/min 10% LGA was fed 

to the REN09 reactor at 515 °C and 14 NL/min N2 flowrate for 4 hours. The LGA feed flowrate 

corresponds to about 40 times that for the 0.5 g/min experiment displayed above, however no 

noticeable pressure buildup or defluidization occurred during this time. This suggests that LGA 

C 
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is not the cause of pressure defluidization in the glucose liquid flow experiments. However, it 

may be that other, heavier anhydrosugars that lead to defluidization are formed alongside LGA 

and 1,6-AHGF.  

The reason for the change in product distribution at lower liquid feed flowrate is not well under-

stood, and several proposed causes have been tested, with results summarized in Table 23. 

1. Water vapor pressure: It was considered if the water partial pressure played an important 

role in the product distribution and the suppression of formation of anhydrosugars. The 

product distribution from the fluidized bed sugar cracking when feeding aqueous sugar 

solutions is very different from that of dry glucose pyrolysis (e.g. Table 8). The effect of 

water vapor pressure was investigated in an experiment where 0.5 g/min glucose was fed 

through the spray nozzle, and 1.5 g/min additional water vapor was added through the 

bottom distributor plate along with 14 NL/min N2. However, the feeding of additional 

water vapor did not influence the product distribution, and anhydrosugars were still 

formed despite the higher water partial pressure. 

2. Sugar concentration: It was proposed that the reduced gas-phase sugar concentration re-

sulting from reducing the liquid flowrate influenced the product distribution. This was 

tested by performing experiments with 40% glucose at 0.5g/min and 2.5% glucose at 

2.15g/min. From these experiments, anhydrosugars byproducts were still produced at 

40% 0.5g/min and not at 2.5% 2.15g/min. 

3. Liquid to gas ratio: It was considered whether the liquid to gas feed ratio influenced the 

product distribution. To test this, an experiment was conducted with 1g/min and 7 

NL/min N2 (both approximately halved keeping the ratio constant). Anhydrosugars were 

normally produced at 1 g/min with the standard 14 NL/min N2, and this was still the 

case when the gas flowrate was halved and the liquid to gas ratio was constant. 

Table 23: Summary of experiments on formation of anhydrosugars. 

 Liquid 

flowrate 

(g/min) 

Gas flowrate 

(NL/min) 

Glucose con-

centration 

(wt%) 

Added steam 

flowrate 

(g/min) 

Significant 

anhy-

drosugars 

formation 

Base case 2–2.15 14 10 0 No 

Water vapor 

pressure 

0.5 14 10 1.5 Yes 

Glucose con-

centration 1 

0.5 14 40 0 Yes 

Glucose con-

centration 2 

2.15 14 2.5 0 No 

Liquid to gas 

ratio 

1 14 10 0 Yes 

Liquid to gas 

ratio 

1 7 10 0 Yes 

 

The effect of liquid feed flowrate was also investigated for xylose as the feed substrate and results 

are shown in Figure 91. When using glucose as the feed substrate, the bed was prone to defluid-
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ization and generally poor operation. This was not observed when using xylose as the feed sub-

strate and the experiments were completed without difficulty even for low liquid flow rates. 

However, as for glucose, the effect of liquid flowrate for xylose was found to strongly influence 

the product distribution, especially glycolaldehyde where the yield was 19% at 0.5 g/min and 

63% at 2.15 g/min.  

 

Figure 91: Product distribution for experiments covering effect of liquid flowrate. 20% aqueous xylose solution. Bed temperature 

515 °C, total nitrogen flowrate 14 NL/min. Bed material: 100 g 90–150 µm Silibeads type S. 

This is also reflected in the total carbon balance, which is also significantly reduced at lower 

liquid feed flowrates. However, as for glucose, additional products are formed at lower liquid 

feed flowrates as shown in Figure 92. When glucose was used as the feed, the additional peaks 

were found to be anhydrosugars of glucose using pure component standards. It may be that the 

additional peaks from low liquid feed flowrate xylose are anhydrosugars of xylose. However, 

they have not been identified or quantified. 
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Figure 92: HPLC chromatogram for liquid flowrate experiments. 20% aqueous xylose solution. Bed temperature 510–515 °C, 

total nitrogen flowrate 14 NL/min. Bed material: 100g 90–150 µm Silibeads type S. 2.15 g/min (top), 0.5 g/min (bottom). 

 

4.1.11 Summary of fluidized bed sugar cracking results 

The fluidized bed sugar cracking process was generally found to be robust with respect to oper-

ating conditions in that variation of parameters in many cases only had limited effect on the 

product yields. The process showed stable yields for long operation times, a range of glucose 

feed concentrations, bed material loadings and gas flowrate. When operating conditions influ-

enced the product yields, it was especially the yield of glycolaldehyde more so than other oxy-

genate products that was affected.  

Important operating parameters were especially temperature and liquid feed flowrate. Effect of 

temperature showed an optimum yield of glycolaldehyde at around 515–525 °C. At lower tem-

peratures, the process was more difficult to operate and the yield was reduced likely due to for-

mation of char and other products, while at higher temperature the yield of glycolaldehyde de-

creased due to formation of permanent gases, particularly CO and CO2 which may be formed 

by secondary decomposition of glycolaldehyde.  

The effect of liquid feed flowrate also strongly influenced the products distribution especially at 

lower liquid feed flowrates, where anhydrosugars (LGA and 1,6-AHGF) were formed (up to 

20% yield), and glycolaldehyde yields were low. At higher liquid flowrates (above approximately 

2 g/min), there was a very limited effect of liquid feed flowrate, with similar yields of glycolal-

dehyde found in the range 2–3.4 g/min, while only small or no anhydrosugars were formed. 

Despite investigation of a number of hypotheses, it is still unclear what causes the change in 

product distribution at low liquid feed flowrate. However it is important to get an understanding 

of this phenomenon, as it is unsure whether this is an actual phenomenon in the sugar cracking 

process, or whether it is related to an experimental artifact from the lab-scale sugar cracking 

setup. 

Of the various tested bed materials, the Silibeads bed material showed best performance with the 

highest yield of glycolaldehyde (73-74%) and no observed anhydrosugars formed. Gilleleje sand 
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and Mullite showed similar performance with high yield of glycolaldehyde (69-70%) and little 

anhydrosugars formed. Alumina was also tested and yielded 63% glycolaldehyde, while ex-

panded glass beads showed the lowest yield of glycolaldehyde of 46%. 

The total gas flowrate (or residence time) was investigated to the extent that was possible on the 

REN09 setup, however it was not possible to make larger changes of the residence time, as it 

strongly influences the fluidization. Very little effect of residence time was observed, however 

not a wide range of residence times could be tested. 

The effect of sugar feed substrate showed for monosaccharides that the C1-C3 product distribu-

tion trends for sugars was in agreement with proposed reaction pathways, in that for example 

the glycolaldehyde yield increased in the order fructose < xylose < glucose. 

Di- and polysaccharides maltose, sucrose, cellulose and starch were also tested in the fluidized 

bed. Generally, they showed lower carbon balance yields compared to monosaccharides (likely 

due to increased char formation), although similar products were formed as from monosaccha-

ride sugar cracking. Cellulose and starch were fed from a stirred suspension, making then fun-

damentally different from other sugar cracking experiments in this work, where sugars were fed 

as aqueous solutions. However, cellulose and starch showed the same oxygenate products as 

had been seen from other sugars, however the glycolaldehyde yields were much lower (10–12%).
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5 Sugar cracking modelling 
In this section, a gas-phase sugar cracking model will be presented. The model is based on the 

quantum chemical calculations of pyrolysis reactions by Seshadri and Westmoreland [140] that 

were presented in section 2.4.3.3.  

5.1 Model development 
The model was set up based on sugar cracking conditions in the REN09 fluidized bed setup, and 

an isothermal plug flow reactor model was used assuming instantaneous evaporation and heat-

ing of the aqueous glucose feed to the reaction temperature. Reaction conditions for the base-

case sugar cracking conditions are given in Table 24. Using the feed conditions, the initial con-

dition for gas-phase glucose partial pressure was calculated, and a system of ordinary differential 

equations were solved for concentration as a function of residence time in the plug flow reactor. 

Table 24: Base-case sugar cracking REN09 conditions. 

 Value Unit 

Feedstock Glucose - 

Concentration 20 Wt% 

Liquid feed flowrate 2.15 g/min 

Nitrogen feed flowrate 14 NL/min 

Reaction temperature 515 °C 

Pressure 1 Atm 

Residence time 1 s 

 

5.1.1 Model 1 – Direct formation pathway to glycolaldehyde 

For an initial model evaluation, only the simplest pathway from glucose to glycolaldehyde was 

considered and are shown in Table 25 for Model 1. These include the retro-aldol reactions of 17-

u and 18-u describing C6 to C4 and C2 as well as C4 to two C2. Furthermore, tautomerization of 

1,2-ethenediol to the desired product glycolaldehyde is also included, where particularly the wa-

ter-assisted (WA) pathway has significantly lower activation energy than the unimolecular path-

way. 

Table 25: Model 1: Reactions for initial model evaluation. 

Reaction 

number 

Reaction Pre-exponential factor: 

Uni- (s-1) and bimolecu-

lar (s-1 atm-1) 

Activation 

energy 

(kcal/mol) 

17-u D-glucose to ethenediol + erythrose 4.53 × 1012 39.7 

18-u Erythrose to glycolaldehyde + ethenediol 5.64 × 1012 39.2 

23-u Ethenediol to glycolaldehyde 1.64 × 1012 57.3 

23-b WA ethenediol to glycolaldehyde 1.48 × 1010 28.9 

 

The solution of the simple kinetic model of Table 25 of the base-case reaction conditions is 

shown in Figure 93. Glucose is cracked by the 17-u retro-aldol reaction to 1,2-ethenediol and 

erythrose, with about 99% conversion after 0.1 s. Erythrose is further cracked by the 18-u retro-
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aldol reaction to 1,2-ethenediol and glycolaldehyde, and 1,2-ethenediol tautomerizes to glycolal-

dehyde, eventually yielding the theoretical maximum glycolaldehyde yield of 100%. 

 

Figure 93: Model 1 of glucose decomposition at REN09 base-case conditions. Yield as function of residence time. 

 

5.1.2 Model 2 – Hexose isomerization and cracking 

Complexity was added to the kinetic model by considering further reactions from Table 16. In 

the calculations of Seshadri and Westmoreland [140], only the forward direction of each reaction 

was calculated. However, for many of these gas-phase reactions, the reversible reactions are also 

important. To circumvent this issue, not all reactions from their work were included, as this 

would for some reactions lead to “dead-end” products not observed experimentally. Hence, it is 

not always sufficient to have only the forward rate expressions. In relation to this, glucose was 

assumed to be in the open-chain D-glucose form initially, rather than the closed-ring form. Fur-

thermore, furanose formation reactions 9 to 14 were excluded due to the same issue of reversi-

bility. The list of reactions included in Model 2 are shown in Table 26. 

Table 26: Model 2: Reactions included for model evaluation. 

Reaction 

number 

Reaction Pre-expo-

nential fac-

tor: Uni- (s-

1) and bimo-

lecular (s-1 

atm-1) 

Activation 

energy 

(kcal/mol) 

 

Isomerization of acyclic hexoses 

4-u D-glucose to hexenhexol 1.26 × 1013 73.0 

4-b WA D-glucose to hexenhexol 1.72 × 1011 41.9 

5-u Hexenhexol to D-fructose 2.20 × 1013 56.0 
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5-b WA hexenhexol to D-fructose 1.09 × 1011 26.8 

6-u D-glucose to D-fructose 7.30 × 1011 43.7 

6-b WA D-glucose to D-fructose 3.00 × 1011 33.2 

7-u D-glucose to 3-ketohexose 2.28 × 1012 61.2 

7-b WA D-glucose to 3-ketohexose 1.26 × 1011 53.4 

8-u D-fructose to 3-ketohexose 2.38 × 1013 46.8 

8-b WA D-fructose to 3-ketohexose 9.69 × 1011 37.8 

 

Retro-aldol condensation of D-glucose, D-fructose, 3-ketohexose, erythrose and glycer-

aldehyde 

17-u D-glucose to ethenediol + erythrose 4.53 × 1012 39.7 

18-u Erythrose to glycolaldehyde + ethenediol 5.64 × 1012 39.2 

19-u D-fructose to glyceraldehyde + prop-1-ene-1,2,3-triol 3.87 × 1012 35.6 

20-u Glyceraldehyde to formaldehyde + ethenediol 1.72 × 1013 37.6 

21-u 3-ketohexose to glycolaldehyde + but-1-ene-1,2,3,4-

tetrol 

1.42 × 1012 30.9 

22-u 3-ketohexose to formaldehyde + pent-1-ene-1,2,3,4,5-

pentol 

2.29 × 1013 36.5 

 

Keto-enol tautomerization reactions 

23-u Ethenediol to glycolaldehyde 1.64 × 1012 57.3 

23-b WA ethenediol to glycolaldehyde 1.48 × 1010 28.9 

24-u Prop-1-ene-1,2,3-triol to glyceraldehyde 1.83 × 1013 71.9 

24-b WA prop-1-ene-1,2,3-triol to glyceraldehyde 8.55 × 1010 38.3 

25-u Prop-1-ene-1,2,3-triol to 1,3-dihydroxyacetone 3.11 × 1013 71.9 

25-b WA Prop-1-ene-1,2,3-triol to 1,3-dihydroxyacetone 1.16 × 1011 38.3 

26-u But-1-ene-1,2,3,4-tetrol to erythrose 1.09 × 1013 71.9 

26-b WA But-1-ene-1,2,3,4-tetrol to erythrose 2.08 × 1010 33.0 

27-u 1-ene-1,2,3,4-tetrol to erythrulose 7.31 × 1013 64.6 

27-b WA 1-ene-1,2,3,4-tetrol to erythrulose 1.96 × 1011 30.3 

28-u Pent-1-ene-1,2,3,4,5-pentol to xylose 1.13 × 1012 59.9 

28-b WA Pent-1-ene-1,2,3,4,5-pentol to xylose 3.80 × 1010 63.2 

29-u Pent-1-ene-1,2,3,4,5-pentol to xylulose 4.21 × 1013 29.2 

29-b WA Pent-1-ene-1,2,3,4,5-pentol to xylulose 5.90 × 1010 71.4 

 

Retro-aldol condensation of erythrulose, xylose and xylulose 

30-u Erythrulose to prop-1-ene-1,2,3-triol + formaldehyde 2.18 × 1013 33.4 

31-u Xylose to ethenediol + glyceraldehyde 2.83 × 1013 37.4 

32-u Xylulose to glycolaldehyde + prop-1-ene-1,2,3-triol 3.74 × 1012 32.4 

 

The solution to Model 2 using the base-case reaction conditions as a function of residence time 

is shown in Figure 94 for the key products formed. According to Model 2, there are three end 
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products: 1,3-dihydroxyacetone (C3), glycolaldehyde (C2) and formaldehyde (C1). However, dur-

ing earlier stages we see formation of several other intermediate products. These include 1,2-

ethenediol and erythrose that were also previously observed in Model 1. Further intermediate 

products in Model 2 include fructose formed by isomerization of glucose, and the retro-aldol 

reaction products of fructose (prop-1-ene-1,2,3-triol and glyceraldehyde). Glyceraldehyde may 

undergo retro-aldol reaction to form 1,2-ethenediol and formaldehyde, while prop-1-ene-1,2,3-

triol may tautomerizes to 1,3-dihydroxyacetone according to Model 2.  

  

Figure 94: Model 2 of glucose decomposition in REN09 base-case conditions. Yield as function of residence time. Left: Full 

view. Right: View of first 0.1 s. 

From the experimental results, 1,3-dihydroxyacetone was generally not observed as a significant 

end product. Additionally, it was found experimentally from feeding dihydroxyacetone that it 

cracks to form largely the same products (although different distribution, see section 4.1.4) as 

glucose cracking, where pyruvaldehyde and acetol were the main C3 products observed. How-

ever, in Model 2, 1,3-dihydroxyacetone is an end product, and the observed C3 products pyru-

valdehyde and acetol were not included in the model. A comparison of experimental results and 

kinetic Model 2 results for the base case reaction conditions is shown in Table 27. The yields of 

formaldehyde and glycolaldehyde are captured well for the base case by Model 2, as is the rela-

tive distribution of C1, C2 and C3 products, but with 1,3-dihydroxyacetone as the major C3 prod-

uct instead of the experimentally observed pyruvaldehyde and acetol.  This was considered in a 

further model expansion (section 5.1.3). A CSTR model solution is also shown in Table 27 for 

comparison. The product distribution is similar to that from Model 2 (PFR), although results 

also show some 1,2-ethenediol, glucose, erythrose and prop-1-ene-1,2,3-triol, and also trace 

amounts of fructose and glyceraldehyde. The fluidized bed reactor is neither an ideal PFR nor 

an ideal CSTR, it has been reported that neither in general describe the gas flow in fluidized beds 

particularly well [165]. However, for fluidized bed reactors with Geldart B particles (section 

2.3.1), as is the case for most materials tested in this work, plug flow may be a reasonable as-

sumption [165, 166]. Another modelling approach could be to consider a combination of first a 

CSTR zone followed by a second PFR zone. This could be considered for future modeling work. 
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Table 27: Comparison of condensed product yield of experimental results and Model 2 of base case reaction conditions. A 

CSTR solution is also shown. 

 
 

Base case yields (wt% C) 

 Product Experiment Model 2 Model 2 (CSTR) 

C6 Glucose 0% 0% 1% 

C4 Erythrose 0% 0% 1% 

C3 

Pyruvaldehyde 9% N/A N/A 

Acetol 2% N/A N/A 

1,3-dihydroxyacetone 0% 18% 16% 

Prop-1-ene-1,2,3-triol 0% 0% 1% 

C2 

Glycolaldehyde 73% 76% 71% 

Acetic acid 1% N/A  N/A 

Glyoxal 3% N/A N/A 

1,2-ethenediol 0% 0% 3% 

C1 Formaldehyde 7% 6% 6% 

     

 Sum 95% 100% 100% 

 

Based on the key product pathways identified from Model 2, a schematic of reaction pathways 

is shown in Figure 95. Several of the reactions and products in Table 26 are not included in the 

simplified schematic, as they are minor products and intermediates. E.g. isomerization of the 

acyclic hexoses such as hexenhexol and 3-ketohexose, which are formed by relatively higher 

activation energy barriers, but may further react to the known oxygenate products by retro-aldol 

reactions. From the reaction pathways and the Model 2 product yields, all C1 (formaldehyde) 

and C3 (1,3-dihydroxyacetone) products are formed via glucose to fructose isomerization reac-

tions. With about half of the carbon from fructose forming 1,3-dihydroxyacetone (slightly less 

due to prop-1-ene-1,2,3-triol isomerization to glyceraldehyde), and with a 1,3-dihydroxyacetone 

yield of about 18 wt% C, it can be concluded that at least 36% of the initial glucose undergoes 

isomerization to fructose (6u, 6b), rather than cracking directly from glucose (17u). Retro-aldol 

reactions of glucose without isomerization yields only glycolaldehyde. Model 2 is heavily influ-

enced by the competition between glucose retro-aldol reaction (cracking) (17u) and glucose 

isomerization to fructose (6u, 6b), which then dictates the C1, C2 and C3 distribution. 
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Figure 95: Model 2 key reaction pathway diagram. 

Model 2 was also investigated for the effect of temperature and compared with experimental 

results for glucose, fructose and xylose. The results are shown in Figure 96.
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Figure 96: Experimental and Model 2 solution of glucose (a), fructose (b) and xylose (c). Reaction conditions: 2.15 g min-1 20% 

aqueous sugar solution, 14 NL min-1 N2, 100 g bed material. 

The results show that the model fits reasonably well with the experimental data at ~500 °C, 

however at higher temperature the model deviates from the experimental results. For glucose 

and xylose, the model predicts an increase in the GA yield at higher temperatures, whereas this 

was not observed experimentally. The experiments for all sugars showed an increased formation 

of permanent gases at higher temperatures that are not included in the kinetic model. It may be 

that glycolaldehyde undergoes secondary decomposition to permanent gases at higher tempera-

ture, reducing the yield of the desired product.  

Model 2 uncertainty was evaluated based on the reported accuracy of the activation energies 

calculated (±1.0 kcal/mol) [140]. This was done using Monte-Carlo simulations. The input un-

certainty was applied uniformly to all activation energies, and using random sampling of input 

parameters, 1700 model solutions were performed, and 95% confidence intervals were calculated 

for the key products and shown in Figure 97. 
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Figure 97: Mean and 95% confidence interval for Monte-Carlo simulations using N=1700 random samplings for ± 1.0 kcal/mol 

uncertainty on input parameters. 

Considering a ±1.0 kcal/mol accuracy, the reflected distribution is significantly affected, with a 

95% confidence interval predicting a yield of glycolaldehyde in the range 60–90%, with also the 

product yields of formaldehyde and DHA being affected. 

A sensitivity analysis was performed to determine the importance of input parameters by linear-

ization of the Monte-Carlo solutions using the Standardized Regression Coefficients (SRC) 

method. The fit of the linear models is shown in Figure 98, and as a rule of thumb if R2 is below 

0.7, the model is not linearized sufficiently.  
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Figure 98: Linear regression and original model for 9 key compounds. 

In this case only glycolaldehyde, formaldehyde and 1,3-dihydroxyacetone were sufficiently lin-

earized (these have R2 > 0.95). Based on the linearized model, the importance of the individual 

parameters can be ranked, and this is shown for these three components in Figure 99, which 

quantifies the relative importance of parameters. Particularly important are the reactions E17u 

(retro-aldol fragmentation of glucose) and E6b (water-assisted isomerization of glucose to fruc-

tose). This reflects that this model is highly dependent on these reactions, because they are initial 

competing reactions that decide how much isomerization of glucose to fructose occur (eventu-

ally forming C1 and C3 along with C2) relative to cracking of glucose without isomerization 

(forming only C2). 
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Figure 99: Relative Importance of parameter uncertainty as obtained by the linear regression SRC method. 

 

5.1.3 Model 3 – Model expansion with isomerization and further decomposition 

This section describes the limitations of Model 2 (or referred to as “initial model” in this section), 

and the further expansions that were made to improve the model. This section uses parts of a 

submitted article: [167]. For the complete article and supplementary material, see Appendix 8.4. 

“The kinetic model developed in this work uses the kinetic parameters calculated by Seshadri & 

Westmoreland [140], and while they calculated many of the reactions relevant for the sugar 

cracking process, there are limitations when comparing an initial kinetic model of sugar crack-

ing, based solely on the reactions calculated by Seshadri & Westmoreland, with experimental 

observations. Particularly, products not considered in their work are observed experimentally, 

such as pyruvaldehyde, acetol, glyoxal and permanent gases [7, 8]. Additional reactions were 

therefore proposed and modelled in this work in order to develop a kinetic model for the sugar 

cracking process. A simplified reaction network of the kinetic model developed in this work is 

shown in Figure 100, based on the work of Seshadri & Westmoreland [140] with the further 

reactions modelled in this work.  

The most important reactions to add were related to further conversion of GA and DHA. GA is 

the main product, but it can thermally decompose to permanent gases (consisting experimentally 

primarily of CO and CO2, but also small amounts of methane, ethane and iso-butane). DHA 

was not observed experimentally, while it is an end-product in the initial kinetic model. From 

experiments feeding GA and DHA, further empirical reactions were set up and their kinetic 

parameters fitted to the data assuming first order reaction kinetics to describe formation of acetol 

and pyruvaldehyde, that were not considered in the work of Seshadri & Westmoreland [140]. 
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Figure 100: Simplified reaction network of the reactions in the present model. Black arrow reactions are from the work of Sesha-
dri & Westmoreland [140], green and red arrow reactions are obtained from fitting the kinetic model to experiments feeding GA 

and DHA, respectively. Blue arrows are reversible reactions determined by thermodynamic Gibbs-free energy estimation (back-

ward) and Seshadri & Westmoreland (forward).  

The sugar cracking process was modelled as an isothermal gas phase plug flow reactor, assuming 

that the spray droplets instantaneously evaporated. Reactions were either unimolecular (u) or 

bimolecular (b, water-catalyzed) as shown below for reaction i converting species j. 

 −𝑟𝑖,𝑢,𝑗 = 𝑘𝑖,𝑢𝑐𝑗 = 𝐴𝑖,𝑢 exp (
−𝐸𝑖,𝑢

𝑅𝑇
) 𝑐𝑗 (E 10) 

 −𝑟𝑖,𝑏,𝑗 = 𝑘𝑖,𝑏𝑐𝑗𝑝𝐻2𝑂 = 𝐴𝑖,𝑏 exp (
−𝐸𝑖,𝑏

𝑅𝑇
) 𝑐𝑗 𝑝𝐻2𝑂 (E 11) 

The complete set of reactions is listed in SM Table S1 (Appendix 8.4.1). Since the substrate and 

decomposition products are dilute in the gas phase under the operating conditions, as most of 

the gas phase consists of nitrogen and steam (>99 mol%), the total volumetric flowrate and water 

partial pressure were assumed constant throughout the reactor and the model was solved in 

terms of concentrations c and residence-time τ: 

 
𝑑𝑐𝑗

𝑑𝜏
= 𝑟𝑗 (E 12) 
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The initial sugar concentration and the water partial pressure were calculated based on the feed 

conditions. The residence time was approximately 1 s at 515 °C and was calculated based on 

flow conditions and the fluidized part of the reactor volume with a temperature correction: 

 𝜏𝑡𝑜𝑡 =
515 + 273.15

𝑇
∙ 1𝑠 (E 13) 

The kinetic model was solved in MATLAB using the built-in solver ODE15s. 

 

5.1.3.1 Modelling empirical reactions 

Experiments feeding GA were used to quantify the formation of permanent gases at various 

temperatures, and experiments feeding DHA were used to model formation of glyceraldehyde 

(intermediate), acetol, pyruvaldehyde and its further conversion to permanent gases. The reac-

tions were modelled as empirical reactions based on a carbon balance stoichiometry. The “Per-

manent gas” component is a pseudo component that is modelled as a C1 species with the con-

centration equal to the sum of permanent gas carbon (CO, CO2, methane, ethane and iso-bu-

tane). 

 𝐺𝑙𝑦𝑐𝑜𝑙𝑎𝑙𝑑𝑒ℎ𝑦𝑑𝑒 → 2 𝑃𝑒𝑟𝑚𝑎𝑛𝑒𝑛𝑡 𝑔𝑎𝑠 (E 14) 

 𝐷𝐻𝐴 → 𝐺𝑙𝑦𝑐𝑒𝑟𝑎𝑙𝑑𝑒ℎ𝑦𝑑𝑒 (E 15) 

 𝐷𝐻𝐴 → 𝑃𝑦𝑟𝑢𝑣𝑎𝑙𝑑𝑒ℎ𝑦𝑑𝑒 (E 16) 

 𝐷𝐻𝐴 → 𝐴𝑐𝑒𝑡𝑜𝑙 (E 17) 

 𝑃𝑦𝑟𝑢𝑣𝑎𝑙𝑑𝑒ℎ𝑦𝑑𝑒 → 3 𝑃𝑒𝑟𝑚𝑎𝑛𝑒𝑛𝑡 𝑔𝑎𝑠 (E 18) 

First order reaction kinetics was assumed and kinetic parameters were fitted to experimental 

data using minimization of residual squared sums with the built-in MATLAB function fmincon 

with equal weighting on each residual squared sum (glycolaldehyde, pyruvaldehyde, acetol, for-

maldehyde and permanent gases). 

 

5.1.3.2 Modelling reversible reactions 

Modelling of the reversible isomerization reactions of fructose to glucose and xylulose to xylose 

was carried out using the forward rate constants (assumed the same for xylose to xylulose as 

glucose to fructose) from Seshadri & Westmoreland [140], and using the group additivity 

method of Han et al. [168] to model the change in Gibbs-free energy of the reactions to calculate 

the equilibrium constants and therefrom the rate of the reverse reactions: 

 
𝑟𝑖,𝑗,𝑢− = 𝑘𝑖,𝑢−𝑐𝑗 =

𝑘𝑖,𝑢

exp (
−∆𝑟𝐺(𝑇)

𝑅𝑇 )
𝑐𝑗 

(E 19) 

 
𝑟𝑖,𝑗,𝑏− = 𝑘𝑖,𝑏−𝑐𝑗 =

𝑘𝑖,𝑏

exp (
−∆𝑟𝐺(𝑇)

𝑅𝑇 )
𝑐𝑗  𝑝𝐻2𝑂 

(E 20) 
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Expressions for the relevant Gibbs-free energies are given in the SM Table S2 (Appendix 8.4.1). 

 

5.1.3.3 Results and discussion of fitting kinetic parameters  

The experimental data and the results of fitting the model for the decomposition of GA is shown 

in Figure 101. It can be seen that the yield of GA is captured well by the model. It was experi-

mentally observed that some GA was converted to other oxygenates, resulting in an observed 

GA yield lower than 100% at all temperatures investigated. A correction was used to account 

for losses of GA: A constant loss of GA of about 10% was observed at lower temperatures in the 

range 340–420 °C and this fixed amount was used as a correction by adding it to GA data at all 

temperatures, corresponding to an assumption of no GA loss at low temperature. The complete 

experimental product distribution from the experiments can be seen in the SM Figure S1 (Ap-

pendix 8.4.1). The reaction was modelled by fitting to the GA yield (rather than permanent 

gases) as accurate modelling of the GA yield was prioritized. While the model shows a good fit 

to the observed GA yield, the corresponding formation of permanent gases does not fit the ex-

perimental data well at higher temperatures, as there is some temperature dependency on the 

formation of other oxygenates from GA. These byproducts include formaldehyde, glyoxal, ace-

tic acid, pyruvaldehyde and acetol, and the nature of the formation of these products from GA 

is not included in the kinetic model. Some of these products have previously been observed in 

the literature [37, 169]. Furthermore, the total carbon balance for the experiments also decrease 

with temperature, which also contributes to the uncertainty at higher temperatures. 

 

Figure 101: Experiments and kinetic model fit for GA decomposition. Reaction conditions: 2.15 g min-1 10% aqueous GA 

solution, 14 NL min-1 N2, 100 g bed material. 

Experimental results and model fit for DHA decomposition is shown in Figure 102. Fitting of 

kinetic parameters to the empirical reactions of DHA (shown in Figure 100) showed reasonable 

agreement with the experimental data, capturing an optimum in the yield of GA, the decreasing 

yield of pyruvaldehyde at higher temperature, as well as the yields of acetol, formaldehyde and 

permanent gases.  
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Figure 102: Experiments and kinetic model fit for DHA decomposition. Reaction conditions: 2.15 g min-1 10% aqueous DHA 

solution, 14 NL min-1 N2, 100 g bed material. 

 

5.1.3.4 Experimental sugar cracking results and validation of the kinetic model 

The full kinetic model, including the empirical reaction kinetics obtained from fitting the GA 

and DHA decomposition experiments, was validated against cracking experiments of glucose, 

fructose, and xylose (Figure 103). Experimental data from these experiments were not used for 

parameter fitting. The model solution for the initial model is shown in SM Figure S2 (Appendix 

8.4.1). In the initial model, the GA optimum yield is not captured as the secondary decomposi-

tion, which becomes important at high temperature, was not included. Furthermore, pyruvalde-

hyde and acetol were not included in the model, and 1,3-dihydroxyacetone, an end product in 

the initial model, was not observed experimentally. 

The experimental yield of glycolaldehyde was generally higher at lower temperatures for glucose 

and fructose cracking. At temperatures lower than 500 °C, the fluidized bed reactor was increas-

ingly difficult to operate for longer periods due to defluidization. It was possible to operate the 

xylose experiments at lower temperature (down to 440 °C) without defluidization, and a de-

crease in the yield of glycolaldehyde was observed below 480 °C. In general, the yield of gly-

colaldehyde increased in the order fructose < xylose < glucose, which is also expected from the 

reaction scheme in Figure 100, and shown previously in the literature [7]. The yield of permanent 

gases (predominantly CO and CO2) from the various sugars was strongly influenced by the op-

erating temperature. At 500 °C, the yield was 2–3 wt% C for all sugars, whereas it increased with 

temperature to 14, 17 and 24% at 600 °C for glucose, xylose and fructose, respectively. The total 

carbon balance was also found to decrease at higher temperatures, especially for glucose and 

fructose, so the observed decrease in the condensed oxygenate yield was not fully accounted for 

by the increase in the quantified permanent gases. It may be that other compounds are formed 

at higher temperatures that are more difficult to condense, or increased formation of char, which 

is not quantified. 
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The yield of glycolaldehyde was overpredicted by the model for all sugars at all temperatures, 

however the temperature range with optimum GA yield at~500–520 °C is captured well for all 

sugars. The deviation may be due to formation of other products from reactions not included in 

the kinetic model such as reactions forming other oxygenates or char, which may be more im-

portant at higher temperatures where the carbon balances are lower. Furthermore, the yields 

predicted by the model strongly depend on the relative reaction rates of isomerization and retro-

aldol. Retro-aldol of glucose without isomerization to fructose would produce only glycolalde-

hyde, while isomerization to fructose prior to retro-aldol also produces C1 and C3, as discussed 

in relation to Figure 100. 

The formation of permanent gases was captured well for fructose decomposition, however the 

yield of permanent gases for xylose and glucose at higher temperatures was overpredicted by the 

model. It should be mentioned that these higher temperatures are outside the optimal tempera-

ture window for oxygenate production. 

The results for the other condensed oxygenates, formaldehyde, pyruvaldehyde and acetol, are 

captured by the model to some extent. Acetol yields are generally captured well for all sugars at 

all temperatures. Pyruvaldehyde showed some deviation from the model, however the order of 

increasing yield was captured by the model: glucose ≈ xylose < fructose. Formaldehyde was 

captured well by the model for glucose and xylose, but deviated more for fructose, especially at 

higher temperatures, where also the carbon mass balance was lower. 

The deviation between experimental and predicted yields was likely due to experimental product 

losses in the system (as seen from low total C mass balances in some experiments) and limita-

tions in the developed model. The model is an isothermal gas-phase reaction model, and droplet 

evaporation and interactions with the bed material is not considered. Furthermore, the kinetic 

reaction scheme is incomplete as it does not include all relevant reactions such as the formation 

of other byproduct oxygenates and char. Kostetskyy et al. [8] found char yields below 0.025 

wt.% for cracking of glucose and fructose and thus seems unlikely to contribute significantly. It 

could be interesting to improve the model by performing additional experiments with other in-

termediate products e.g. glyceraldehyde and prop-1-ene-1,2,3-triol to better understand and 

model their decomposition pathways. However, these compounds were not available for exper-

imentation. Furthermore, any secondary decomposition of formaldehyde, either thermally or 

surface-catalyzed, was not considered. 
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Figure 103: Sugar cracking experiments and model solution for glucose (a), fructose (b) and xylose (c). Reaction conditions: 2.15 

g min-1 20% aqueous sugar solution, 14 NL min-1 N2, 100 g bed material. 

The transient product distribution from the model at 515 °C is shown in SM Figure S3 (Appen-

dix 8.4.1) and show that the desired reactions take place on a timescale of ~0.5 s, after which 

only secondary decomposition to permanent gases take place. It would be interesting to further 

investigate the effect of residence time and to assess whether the kinetic model can be used to 

optimize the desired product yields in this regard.” [167] 

Erythrulose (C4-sugar) was also tested and compared with Model 3 and results are shown in 

Figure 104. Pyruvaldehyde and formaldehyde are the primary condensable oxygenate products 

formed from sugar cracking of erythrulose, followed by glycolaldehyde. The first retro-aldol re-

action products of erythrulose are formaldehyde and prop-1-ene-1,2,3-triol. Formaldehyde is an 

end-product in the kinetic model (Figure 100), however prop-1-ene-1,2,3-triol may be further 

converted to pyruvaldehyde, acetol or glycolaldehyde and formaldehyde. The distribution of 

these products is determined by the reactions parameters of the relevant reactions in the kinetic 

model that was partly based on computational modelling by Seshadri & Westmoreland [140], 

and partly based on experimental data of DHA decomposition in this thesis. Comparing the 

experimental and modelling results for erythrulose cracking, it can be seen that formaldehyde 

and glycolaldehyde and generally overpredicted, while pyruvaldehyde is underpredicted by 

Model 3. This suggests that Model 3 overpredicts the reaction pathway for C3 to C1 and C2, or 

that it occurs by another pathway than the modelled reaction of DHA to glyceraldehyde. This 
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reaction was modelled based on reactions feeding DHA (Figure 102), however the subsequent 

application of the model on sugar cracking has shown this similar trend of underprediction of 

pyruvaldehyde, and overprediction of glycolaldehyde and formaldehyde. The good model fit for 

the DHA data, and the subsequent deviation from sugar cracking experiments indicate that the 

empirical reactions formulated in this work are not entirely chemically accurate. If the reactions 

occur in a different manner, this could explain why it was possible to model DHA accurately 

while have limitations in application on other feedstock. Another approach could be to formu-

late and test alternative reaction modelling pathways, or to also include the sugar cracking ex-

periments (glucose, fructose, xylose and erythrulose) in the model fitting of these reactions. The 

model fit and C1–C3 distribution deviations are more apparent from erythrulose and fructose 

than from glucose and xylose. Erythrulose and fructose both yield prop-1-ene-1,2,3-triol by retro-

aldol reaction, whereas glucose and xylose do not. It may be that other important reactions occur 

from prop-1-ene-1,2,3-triol, that are not captured by the current kinetic model, and that this is 

the reason for larger deviation for erythrulose and fructose than glucose and xylose. Further 

work to investigate these reaction pathways could help improve mechanistic understanding and 

the kinetic model. Prop-1-ene-1,2,3-triol is not available to feed experimentally to the sugar 

cracker, but computational modelling work to calculate relevant reaction pathways could help 

elucidate this aspect. It could also be considered to include addition feedstock such as xylulose 

that produce intermediate prop-1-ene-1,2,3-triol by retro-aldol reaction, and to consider a 

broader feedstock data set when proposing the reaction pathways, and to include these in the 

model fit. 

 

Figure 104: Sugar cracking experiments and model solution erythrulose. Reaction conditions: 2.15 g min-1 14% aqueous erythru-

lose solution, 14 NL min-1 N2, 100 g bed material. 
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5.1.4 Conclusions and outlook of kinetic modelling work 

During this project, a gas phase kinetic model has been developed for the sugar cracking process, 

and was improved and expanded in several stages. Initially, a narrow set of reactions was used 

(Model 1), and with relevant process parameters, it was shown that glycolaldehyde could be 

formed in a relevant time frame, indicating that the kinetic parameters calculated by Seshadri 

and Westmoreland [140] were useful. Expanding the model by including further reactions from 

the literature data set, Model 2 was proposed which captured closely the distribution of C1, C2 

and C3 product categories at normal operating conditions. The uncertainty and sensitivity of 

Model 2 was evaluated using the reported uncertainty (±1 kcal/mol) on all activation energies. 

The results of Monte Carlo simulations showed the 95% confidence interval on the glycolalde-

hyde yield to be 60–90% for the base case, while the solution without imposed uncertainty 

showed 71% yield glycolaldehyde. The sensitivity analysis of Model 2 showed that the most 

important reactions in the model were the glucose to fructose isomerization reaction (6b), and 

the retro-aldol reaction of glucose (17u), as these two reactions are the initial competition be-

tween whether isomerization of glucose occurs prior to cracking or not, which dictates the sub-

sequent cracking pattern and product distribution. 

Model 2 also had notable limitations. The model predicted 1,3-dihydroxyacetone as the sole C3 

product, while it was not observed experimentally. The experimentally observed C3 products 

pyruvaldehyde and acetol were not included in the model. Further limitations of Model 2 in-

cluded not capturing the effect of sugar cracking at higher temperatures. At higher temperatures 

(>525 °C) increased formation of permanent gases (primarily CO and CO2) was observed, and 

since these products were not included in Model 2, it predicted an increased yield of glycolalde-

hyde with increasing temperature, and not a local maximum as observed experimentally.  

Based on the limitations of Model 2, further work was carried out to improve the model. Reverse 

sugar isomerization reactions were calculated, and further reactions were proposed and mod-

elled based on new experiments feeding glycolaldehyde and 1,3-dihydroxyacetone. Glycolalde-

hyde was considered in order to investigate decomposition to permanent gases, and 1,3-dihy-

droxyacetone was considered to investigate its further decomposition, and propose and model 

reactions based on this. 

This expanded Model 3 was validated against experimental data for glucose, fructose and xylose 

cracking in a fluidized bed reactor spraying aqueous feeds. The model successfully improved on 

the limitations of earlier models, and was able to capture key observations from cracking of the 

various sugars at different temperatures. The optimum temperature range for maximum gly-

colaldehyde yield was captured well by the model, making it a useful modelling tool. The yield 

of glycolaldehyde was overpredicted by the model (about 5–15 wt% C), and for experiments at 

higher temperatures, the experimental total carbon balance was generally lower, and the corre-

sponding model results were also poorer. In general, C3 was underpredicted, while C2 and C1 

was overpredicted by the model. This was particularly apparent from experiments feeding 

erythrulose, which could suggest that there is some limitation in the model reaction formulation.  

Future work to improve the kinetic model could be to further investigate the decomposition 

reactions. The chemical reactions proposed and modelled in this work were empirical reactions 

based on the experimentally observed products. However, it may be that products are formed by 

other reactions. Furthermore, the modelling component “Permanent gases” comprises several 

chemical species, and a better understanding of the reaction network would allow for modelling 



Sugar cracking modelling 

 
123 

of formation of the individual components. The kinetic model assumes instantaneous evapora-

tion and only gas-phase reactions, neglecting all effects of heat and mass transfer, spray nozzle 

operation and interaction with the bed material. Spray nozzle operation and choice of bed ma-

terial has previously (Figure 81, Figure 86 and Figure 89) been shown to be very influential on 

the process, and these are not included in the kinetic model. Furthermore, if the droplet evapo-

ration is to be considered, it may also be interesting to more closely investigate whether other 

reactions may occur prior to evaporation. 
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6 Conclusions and future work 
The sugar cracking process is a promising technology for production of renewable chemicals 

from sugars. However, there is limited information on the process available in the open litera-

ture. This thesis investigates and optimizes the sugar cracking process with the objective to pro-

duce especially glycolaldehyde in high yields, and to obtain a deeper mechanistic understanding 

of the process. 

The process has been investigated for a wide range of operating parameters including time on 

stream, bed temperature, feed concentration, feed substrate, liquid feed flowrate, gas feed 

flowrate, spray atomization parameters, downstream temperature, type of bed material and bed 

material loading.  

The fluidized bed sugar cracking process was generally robust with respect to operating condi-

tions, and variation of several parameters had only limited effects on the product yields. For high 

yields of glycolaldehyde, bed temperature (515–525 °C) and liquid feed flowrate (>2 g/min) 

were particularly important, although other parameters also influenced the yield.  

At higher temperature, formation of permanent gases increased, and at lower temperature the 

process was more difficult to operate, and the yield was reduced likely due to formation of char 

and other products.  

At lower feed flowrate (0.5 g/min), the yield of glycolaldehyde was significantly reduced (17% 

yield), and anhydrosugars (LGA and 1,6-AHGF) became major products (20% yield), while 

they were only produced in very smalls amounts (<1%) at >2 g/min. A number of different 

hypotheses were tested, however it is still unclear what causes the change in product distribution 

at low liquid feed flowrate. It is important to carry out further work to understand this phenom-

enon, as it is important to be able to avoid formation of anhydrosugars to ensure stable operation 

a high yield of glycolaldehyde. 

The choice of bed material was found to be highly influential on the yield of glycolaldehyde. 

Silibeads Type S 90–150 µm (non-porous sodium silicate) showed the highest yield of glycolal-

dehyde obtained in this thesis of 74% from glucose. The best performing materials were found 

experimentally to be non-porous particles of silicate or metal oxide materials. The bed material 

is considered as a heat carrier in the process acting to rapidly evaporate and heat the sugar feed 

and is ideally chemically inert. However, further work on understanding the droplet-particle in-

teraction and the catalytic effect of the bed material and the effect of particle shape could help to 

improve the bed material or to find another, better performing material. 

From cracking of various monosaccharides, the yield of glycolaldehyde decreased in the order 

glucose > xylose > fructose ≈ 1,3-dihydroxyacetone > xylulose. A reaction network for the sugar 

cracking process was proposed based primarily on isomerization and retro-aldol reactions. This 

reaction network could well explain the relative distribution of oxygenate products from experi-

ments feeding the monosaccharides glucose, fructose, xylose, erythrulose and 1,3-dihydroxyace-

tone. 

Di- and polysaccharides maltose, sucrose, cellulose and starch were also tested in the fluidized 

bed. They showed lower carbon balance yields compared to monosaccharides (likely due to in-

creased char formation), although similar products as from monosaccharide sugar cracking were 
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formed. Cellulose and starch were fed from a stirred suspension, making then different from 

other sugar cracking experiments in this work where aqueous solutions were fed. Cellulose and 

starch cracking yielded 10–12% glycolaldehyde. The experiments with di- and polysaccharides 

highlighted the importance of the ring-opening step of the monosaccharides, which is necessary 

for the subsequent retro-aldol reaction to occur. 

A gas phase kinetic model was developed for the sugar cracking process. The latest model was 

based on literature data of computational kinetic parameters calculated by Seshadri and West-

moreland [140] and on empirical reaction kinetic parameters based on experiments feeding gly-

colaldehyde and 1,3-dihydroxyacetone that were carried out and modelled in this thesis. 

The kinetic model was validated against experimental data for glucose, fructose and xylose 

cracking in a fluidized bed reactor spraying aqueous feeds. The model was able to capture key 

observations from cracking of the various sugars at different temperatures, including the opti-

mum temperature range for maximum glycolaldehyde yield. The yield of glycolaldehyde was 

overpredicted by the model (about 5–15 wt% C), and for experiments at higher temperatures, 

the experimental total carbon balance was generally lower, and the corresponding model results 

were also poorer. In general, C3 yields were underpredicted, while C2 and C1 was overpredicted 

by the model. This was particularly apparent from experiments feeding erythrulose, which could 

suggest that there are limitations in the model reaction network, and room for further improve-

ment of the kinetic model. Future work related to the kinetic model could be to further investi-

gate the decomposition reactions. The chemical reactions proposed and modelled in this work 

were empirical reactions proposed based on the experimentally observed products. However, it 

may be that products are formed by other reactions. Furthermore, the modelling component 

“Permanent gases” comprises several chemical species, and a better understanding of the reac-

tion network would allow for modelling the formation of the individual components. The kinetic 

model assumes instantaneous evaporation and only gas-phase reactions, neglecting effects of 

heat and mass transfer, spray nozzle operation and interaction with the bed material. Spray noz-

zle operation and choice of bed material was shown to have very high influence on the process, 

and these are not included in the kinetic model.  

The understanding of the chemistry of the sugar cracking process, as well as the effects of oper-

ating parameters has been further developed in this PhD thesis. A kinetic model that captures 

key experimental observations has been developed for the sugar cracking process, and has been 

validated against experimental data. New insights to the sugar cracking process, improvement 

of the mechanistic understanding and optimization of the yield of glycolaldehyde developed in 

this thesis may help further development of the mechanistic understanding and further improve-

ments useful during process scale-up. 
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8 Appendix 
8.1 D2-law droplet evaporation calculations 
>  

>  

>  

>  

>  
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8.2 MatLAB calculation script for fluidization properties 
clear  
close all 
clc  
clear  
rhop=2440; 
g=9.81; T = 515; 
R=8.314; 
etaN2 =  35.54*10^-6; %eng toolbox 
etaH2O = 30*10^-6; %eng toolbox 

  
rhoN2 = (101325*28)*10^(-3)./(8.314*(T+273.15)); 

  
rhoH2O = (101325*18)*10^(-3)./(8.314*(T+273.15)); 

  
xH2O = 0.15; 

  
etagas = xH2O*etaH2O + (1-xH2O)*etaN2; 
rhogas = xH2O*rhoH2O + (1-xH2O)*rhoN2; 

  
dp=[131, 150]*10^(-6); 

  
for j = 1:2 
Ar(j)= dp(j)^3*rhogas*(rhop-rhogas)*g/(etaN2^2); 
Remf(j) = (33.7^2+0.0494*Ar(j))^(1/2)-33.7; 
umf(j) = Remf(j)*etagas(1)/(dp(1,j)*rhogas(1)); 

  
Ret(j) = 1; % initial guess 
A = 0.9; 
while abs((A-Ret(j))/A) > 0.0001 
    A = Ret(j); 
    Ret(j) = sqrt(4/3*Ar(j)/(24/Ret(j)+4/sqrt(Ret(j))+0.4)); 
end 
ut(j) = Ret(j)*etagas/(dp(j)*rhogas); 
Vmfreaktor(j) = ((1/4)*umf(j)*pi*((40.94)*10^(-

3))^2*(101325*273.15)/(101325*(T+273.15))*60)*10^3; 
Vtreaktor(j) =  ((1/4)*ut(j)*pi*((40.94)*10^(-

3))^2*(101325*273.15)/(101325*(T+273.15))*60)*10^3; 
Vmfdis(j) =     ((1/4)*umf(j)*pi*((68.80)*10^(-

3))^2*(101325*273.15)/(101325*(T+273.15))*60)*10^3; 
Vtdis(j) =      ((1/4)*ut(j)*pi*((68.80)*10^(-

3))^2*(101325*273.15)/(101325*(T+273.15))*60)*10^3; 
end 

  
ureaktor = (14*10^(-3)*(T+273.15)/(25+273.15)+(2.15*10^-3)/(18*10^-

3)*R*(T+273.15)/101325)/60/(pi/4*((40.94)*10^(-3))^2) 
udis =     (14*10^(-3)*(T+273.15)/(25+273.15)+(2.15*10^-3)/(18*10^-

3)*R*(T+273.15)/101325)/60/(pi/4*((68.80)*10^(-3))^2) 

  
ureaktor_umf = ureaktor./umf 
ureaktor_ut  = ureaktor./ut 

  
udis_umf     = udis./umf 
udis_ut      = udis./ut 

  
Ret 
Remf 
Re_reaktor = rhogas*ureaktor.*dp/etagas 
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Re_dis = rhogas*udis.*dp/etagas 

  
umf 
ut 

 

 

8.3 Published paper: “Thermal Cracking of Sugars for the Production 

of Glycolaldehyde and Other Small Oxygenates” 
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8.3.1 Published paper: “Thermal Cracking of Sugars for the Production of Glycolaldehyde 

and Other Small Oxygenates” Supporting Information 
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8.4 Submitted paper: “Kinetic Modelling of Gas Phase Sugar Crack-

ing to Glycolaldehyde and Other Oxygenates” 
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8.4.1 Submitted paper: “Kinetic Modelling of Gas Phase Sugar Cracking to Glycolalde-

hyde and Other Oxygenates” Supporting Information 



Appendix 

 
167 



Appendix 

 
168 



Appendix 

 
169 



Appendix 

 
170 



Appendix 

 
171 



Appendix 

 
172 

 


