
 

  

Master Research Project 

Fructose 
Dehydration in 
Methanol 
Gerwin Mol 
S2344807 
18-09-2017 

First Supervisor:  prof. dr. ir. H.J. Heeres 
Second Supervisor: prof. dr. F. Picchioni 
Daily Supervisor: ir. H.H. van de Bovenkamp 



1 
 

Content 
Content ............................................................................................................................................................ 1 

Abstract ........................................................................................................................................................... 3 

Introduction..................................................................................................................................................... 4 

Production ................................................................................................................................................... 4 

HMF Properties ........................................................................................................................................... 5 

Chemical applications ................................................................................................................................. 5 

Polymers ................................................................................................................................................. 5 

Fuels ........................................................................................................................................................ 6 

Natural occurrence ..................................................................................................................................... 6 

Previous work .............................................................................................................................................. 6 

This work ..................................................................................................................................................... 8 

Theory ............................................................................................................................................................. 9 

Dehydration ................................................................................................................................................ 9 

Mechanism .............................................................................................................................................. 9 

Humin Formation ........................................................................................................................................ 9 

Matlab modelling ...................................................................................................................................... 10 

Goodness of Fit ......................................................................................................................................... 11 

Akaike Information Criterion ................................................................................................................ 11 

Experimental ................................................................................................................................................. 12 

Experiments .............................................................................................................................................. 12 

Ketohexose experiments........................................................................................................................... 13 

Temperature ............................................................................................................................................. 13 

Results ........................................................................................................................................................... 14 

Mass balance problem .............................................................................................................................. 16 

Temperature dependency......................................................................................................................... 16 

Modelling ...................................................................................................................................................... 17 

LA – LAME reaction ................................................................................................................................... 18 

HMF-LA / MMF-LAME model without humin formation .......................................................................... 20 

Full model excluding humin formation ..................................................................................................... 23 

Model HMF-LA / MMF-LAME including humin formation ........................................................................ 27 

Full model including humins ..................................................................................................................... 30 

Model including fructosides and humins .................................................................................................. 34 

Model including the reaction from fructosides to MMF .......................................................................... 38 

Final Model ............................................................................................................................................... 42 



2 
 

Comparison of models .................................................................................................................................. 46 

Fructose vs other ketohexoses ...................................................................................................................... 47 

Reactor choice ............................................................................................................................................... 48 

Discussion ...................................................................................................................................................... 51 

Conclusion ..................................................................................................................................................... 53 

References ..................................................................................................................................................... 54 

Appendix I: table of all experiments conducted ........................................................................................... 56 

  



3 
 

Abstract 
Fructose dehydration is one of the ways to produce HMF, a biobased building block. In this work a kinetic 

model is developed for this reaction. To prevent side reactions to humins, methanol was used as a 

solvent. In total 85 experiments with varying temperature (100°C or 120°C), initial concentration (0.1, 0.2 

or 0.4 M) and acid concentration (8, 16 or 32 mM) were done with starting compound Fructose, HMF, 

MMF and LA. As a basis, the model from van Putten was used, which involves only first order reactions. 

Several models were tested, and finally a model as shown in Figure 1 was selected as the best model. All 

reactions were shown to be first order in reactant and acid, and reaction 2, -3, -4, 5 and -9 are also first 

order in water. Finally became clear that reaction two is not occurring, and was removed from the model 

which did not change the goodness of fit. 

 

Figure 1 reaction scheme for the final model 

This model results in an overall r2 value of 0.9692. From this model became clear that a PFR is more 

suitable for this reaction compared to a CSTR. A PFR operated at 100°C and 32 mM H2SO4 as catalyst gives 

best results at 40 minutes residence time. This results in a conversion of 64.9% and a combined yield of 

MMF and HMF of 35.2%.  

Besides that, also the reactivities of all ketohexoses (fructose, tagatose, psicose and sorbose) are 

compared to each other from which it became clear that at 100°C tagatose and psicose are approximately 

twice as reactive as sorbose and fructose. 
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Introduction 
Due to the high demands on fossil resources and the finite amount still 

available, a shortage of fossil resources is expected. In order to be able 

to overcome this problem, other energy and material sources must be 

found and used. Several energy sources have already been used to 

reduce fossil resource use, like solar, wind and geothermal energy. 

However, these energy sources do not fulfil material needs. For renewable material supply two options 

are available: use of natural materials or recycling of used materials. For lower quality materials, the 

recycling of used materials can be used, but for high quality materials this is in most cases not possible. 

New materials must therefore be used to produce high quality materials. Preferably, these materials 

should be produced with the same or slightly adapted production processes, to keep production and 

implementation costs low.   

Good starting points for biobased products are biobased platform chemicals, compounds which can 

readily be converted to several other useful compounds and can be produced in an efficient way 

(according to atom efficiency) while retaining functionality. Compounds with an atom efficiency above 

60% and an F:C (functionality:carbon) ratio of 0.8 and higher are seen as interesting starting compounds. 

One of these compounds is HMF (5-hydroxymethyl furfural, Figure 2), which can be produced from 

fructose with an atom efficiency of 70% and an F:C ratio of 1.17.1 besides that, HMF was also added to the 

U.S. DoE (Department of Energy) ‘top value added chemicals from biomass’ recently. In this note, HMF is 

called “a key chemical in biochemistry and an important ingredient in the industrial production of 

polymers, including resins and additives”.2  

“A key chemical in biochemistry and an important ingredient in the 
industrial production of polymers, including resins and additives.” 

Production 
HMF can be easily made from cellulosic biomass under acidic conditions and elevated temperatures in a 

dehydration reaction (see section Dehydration for more information, Figure 3). During the production of 

HMF starting from biomass under the named conditions several problems occur. The first issue is the 

instability of HMF in acidic aqueous conditions. HMF will rehydrate and form levulinic acid and formic 

acid, which are the stable end products of this reaction. The second problem is the unwanted formation 

of so called humins during the acid catalysed dehydration reactions. The formation of humins will be more 

discussed in the section about humin formation. 

 

Figure 3 General reaction scheme from biomass to levulinic acid 

To avoid these problem it is interesting to use another solvent instead of water, because humin formation 

in water can be excessive. Several studies have therefore been done in ionic liquids or polar aprotic 

solvents. These both have their own problems: ionic liquids are rather expensive and the polar aprotic 

solvents have generally a very high affinity for HMF, making it hard to separate HMF from the reaction 

mixture3. An option to avoid both high costs and difficult separation is the use of alcohols as solvent. The 

Figure 2 Structural formula of HMF 
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use of alcohols suppresses the formation of levulinic acid and humins and is not expensive. A side reaction 

is the etherification of HMF and the solvent. When using lower alcohols, like methanol, these ethers can 

be separated by distillation more easily than HMF, because of their lower boiling points3  

 

HMF Properties 
HMF is a very hygroscopic white to yellow 

powder, which smells like chamomile flowers. 

Its molecular formula is C6H6O3 with a 

molecular weight of 126.11 g/mol. Relevant 

physical properties of HMF are shown in Table 

1: 

Chemical applications 
HMF can be used to make more than 175 

products and 20 different high-performance 

polymers.2 A diagram of some of the products is 

shown in Figure 4. The reason for so many 

derivatives is the fact that HMF has three reactive 

groups: the compound contains a furan ring, a 

primary alcohol and an aldehyde functionality. These 

three functionalities make that this compound can 

be used for many chemical products. The main 

applications for products based on HMF are 

polymers and fuels: 

Polymers 
One of the compounds which can be made from 

HMF is FDCA (Furan Dicarboxylic Acid). This 

compound is one of the precursors for a biobased 

replacement for PET (poly ethylene terephthalate), 

the plastic which is used widely for bottles. The 

plastic made from FDCA is called PEF (poly ethylene 

furanoate) and has comparable properties to PET. 

The biggest difference between PET and PEF are the 

gas barrier properties. A new plastic, which can be 

used for the production of bottles should have good 

gas barrier properties. In this aspect, PEF is even 

better than PET3 

Another component which can be used for the manufacturing of polymers is 1,6 hexanediol. This 

compound is an important precursor for the production of polyesters. It can be made from adipic acid in a 

hydrogenation reaction, but it can also be made from HMF by hydrogenation to THF - dimethanol and 

1,2,6 hexanetriol.4 Also 2,5 bishydroxymethylfuran can be used for the same application and so does 

caprolactone. 

Property Value 

Appearance Yellow powder, very hygroscopic 

CAS Number 67-47-0 

Density 1.2062 g/ml @ 25°C 

Melting Point 31.5°C 

Molecular Formula C6H6O3 

Molecular Weight 126.11 g/mol 

Odour chamomile flowers 

Solubility Soluble in most organic solvents 
Water: 7.0x105 g/ml @ 25°C 

Figure 4 Chemical Products based on HMF1 

 

Table 1 Physical properties of HMF2 
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Fuels 
It is also possible to make fuels from HMF. When HMF is reduced, DMF (2,5 dimethylfuran) can be 

formed, which is a potential biofuel. The only biofuel used nowadays is ethanol, which suffers from severe 

drawbacks: it is hygroscopic, has a low energy density and a high volatility. In comparison to this, DMF has 

a 40% higher energy density, a boiling point which is 20°C higher and is not soluble in water.5 Therefore 

HMF is also interesting in this aspect. 

Natural occurrence 
HMF is also found in nature. Amongst others, it is found in fruit, coffee and other products. In fruit 

concentrations can reach up to 2.2 g/kg in plum and coffee contains HMF in concentrations up to 1.9 

g/kg.6 Also in other products HMF is found: 13.3mg/kg in dark beer7 and up to 151 mg/kg in bakery 

products.8 

Besides that, most of the daily intake of HMF comes from heated food products, like baked, roasted or 

smoked products. During the heating of the consumed product, HMF can be formed by dehydration of 

sugars, or as a product of the Maillard reaction. It is assumed that the total daily HMF intake (for 

European people) is 5.56 mg9  

Previous work 
A lot of work on the dehydration of fructose and its isomers has been done by van Putten3. He studied the 

dehydration of ketohexoses in water and methanol, and focussed mainly on the conversion of the 

ketohexoses and the differences in reactivity between them. There are also some other works in which 

fructose is used as a starting compounds. The major part of all research has been done in an aqueous 

environment, but also some work has already been done in other solvents, a number of representative 

examples are shown in Table 2.  

Table 2 Representative research dealing with the dehydration of Fructose in several solvents. 

Solvent [Fructose]0 Acid (concentration) Temperature Reference 

Acetic Acid 0.055 M H2SO4  10 mM 180°C 10 

Methanol 0.36 M H2SO4  17-34 mM 100°C 3 

Supercritical 
Methanol 

0.055 M H2SO4  10 mM 120-270°C 10 

Supercritical Water 0.03 M HCl  30 mM 210-270°C 11 

Water 0.1-1M H2SO4  0.005 – 1 M 140-180°C 12 

Water 0.25 – 1 M HCl  0.5 – 2 M 95°C 13 

Water 0.27 - 1.1 M HCl  0.2 - 0.025 M 70-150°C 14 

Water 0.36 M H2SO4  33-300 mM 100-140°C 3 

 

Literature containing more specified models have also been reported. The models used in these papers 

are comparable to the models tested in this work, and do not only contain the conversion of fructose, but 

also specify the products. A summary of this data is shown in Table 3: 
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Table 3 kinetic data found in other literature for the dehydration of fructose 

Ref. solvent catalyst from to k (min-1) T (°C) Ea 
(kJ/mol) 

Equation 

14 water HCl Fructose HMF 4.14E+00 108 115-136 R = k*Fruct*H+ 
14 water HCl Fructose Humins 1.61E-02 108 135 R = k*Fruct*H+ 
14 water HCl HMF Humins 5.74E-03 108 62 R= k*HMF*H+ 
14 water HCl HMF LA+FA 3.88E-02 108 97 R = k*HMF*H+ 
15 water ZrPO-700 Fructose HMF 1.20E-03 125 186 R = k*Fruct 
15 water ZrPO-700 Fructose Humins 4.30E-04 125 91 R = k*Fruct 
16 water/ 

acetone 
HCl Fructose HMF 

 

 
141 

 

16 water/ 
acetone 

HCl Fructose Humins 

 

 
158 

 

17 [BMIM]Cl TsOH Fructose HMF 3.69E-01 100   R = k*Fruct 
18 water H3PO4-CrCl3 HMF LA+FA 8.90E-03 150 60.64 R = k*HMF 
18 water H3PO4-CrCl3 HMF Humins 4.60E-03 150 82.12 R = k*HMF 
19 DMSO [MIMPS]3PW12O4 Fructose HMF 5.30E-04 100 99.78 R= k*Fruct 
19 DMSO [MIMPS]3PW12O4 Fructose Humins 3.28E-03 100 58.84 R = k*Fruct 
19 DMSO [MIMPS]3PW12O4 HMF Humins 1.30E-06 100 136.48 R = k*HMF 
20 water Fe/HY zeolyte HMF LA+FA 1.90E-03 120 60.8 R = k*HMF 
20 water Fe/HY zeolyte HMF Humins 1.60E-03 120 70.2 R = k*HMF 
12 water H2SO4 Fructose HMF 1.10E+00 140 123 R = k*Fruct*H+ 
12 water H2SO4 Fructose Humins 5.50E-01 140 148 R = k*Fruct*H+ 
12 water H2SO4 HMF LA+FA 3.80E-01 140 92 R= k*HMF*H+ 
12 water H2SO4 HMF Humins 1.42E-01 140 119 R = k*HMF*H+ 
21 water AlCl3 + Maleic Acid Fructose HMF 1.00E+00 180   R=k*Fruct 
21 water AlCl3 + Maleic Acid Fructose Humins 9.00E-02 180   R=k*Fruct 
21 water AlCl3 + Maleic Acid HMF LA+FA 1.10E-01 180   R=k*HMF 
21 water AlCl3 + Maleic Acid HMF Humins 6.00E-02 180   R=k*HMF 
22 water FeCl3 Fructose HMF 1.32E-01 140   R=k*Fruct 
22 water FeCl3 Fructose Humins 6.00E-02 140   R=k*Fruct 
22 water FeCl3 HMF LA+FA 2.88E-02 140   R=k*HMF 
22 water FeCl3 HMF Humins 1.38E-02 140   R=k*HMF 
23 water HCl HMF LA+FA 2.14E-02 140 94.72 R=k*HMF 
23 water HCl HMF Humins 5.46E-03 140 141.94 R=k*HMF 

 

Thus, a lot of kinetic information is available in different solvents. Some kinetic information about the 

dehydration of ketohexoses in methanol is also available. For the reaction in methanol the pathway 

shown in Figure 5 was used by van Putten3. 
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Figure 5 Fructose dehydration in methanol 

This work 
Because of the problems which arise when fructose is dehydrated in aqueous environments, in this work 

methanol is chosen as solvent for the dehydration reaction of fructose. Although a lot of kinetic data is 

available for different systems, for methanol this data is lacking. Therefore the aim of this research project 

is to obtain a kinetic model for the dehydration of fructose in methanol. This model will then be used to 

obtain an optimal reactor configuration. Besides that, the difference in reactivity between fructose and 

the other ketohexoses (psicose, tagatose and sorbose) will be determined to compare this work to other 

works within the group.  
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Theory 

Dehydration 
Biomass can be easily converted to HMF, using several catalysts and different reaction conditions. This 

conversion is a dehydration reaction in which monosaccharides are converted to HMF with the loss of 3 

water molecules. This reaction can be performed under acidic conditions in several solvents 24. Several 

research groups have done research about the dehydration of glucose or fructose to HMF. From these 

research projects became clear that fructose is far more reactive than glucose.3 Therefore fructose is a 

favorable starting compound for the reaction to HMF. Also the isomers of fructose show good 

reactivities3, but are much more expensive than fructose.  

Mechanism 
For the direct dehydration of HMF under acidic 

conditions two mechanisms have been suggested in 

literature: acyclic and cyclic dehydration. The 

acyclic dehydration mechanism is shown in Figure 

6. This mechanism starts with the linear form of the 

ketohexose. This mechanism assumes that the 

formation of the 1,2 enediol is the rate determining 

step.3 The observation of glucose in the reaction 

mixture is an argument for this mechanism25. 

The cyclic pathway is shown in Figure 7. This 

mechanism starts with the cyclic form of the 

ketohexose. It is believed that the first step is the 

formation of a tertiary carbenium cation, followed 

by two β-dehydrations in order to form HMF.3 

From experiments done by van Putten, with all four 

ketohexoses (Fructose, Sorbose, Psicose and 

Tagatose) became clear that there is a reactivity 

difference between all four. He explained this 

difference in reactivity by the difference in relative orientation of the hydroxyl groups at the C3 and C4 

position. In this way he argued that the reaction must proceed via cyclic intermediates3   

Humin Formation 
The dark coloured insoluble products which can be formed during aqueous processing of fructose are 

called humins. These humins are undesired side products of the dehydration of fructose. It is believed 

that humins can be formed from compounds, under which glucose, fructose and HMF. Humins are of low 

value, and currently the only application is burning to obtain heat.  

Figure 6 Acyclic pathway of the dehydration of fructose 

Figure 7 Cyclic pathway of the dehydration of fructose1 
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The formation of humins from HMF is described by Heltzel et al.26 based on Gibbs free energy 

computations. Their proposed pathway is shown in Figure 8 as can been seen in this figure, HMF can 

rehydrate in two different ways. The first one is rehydration on the double bond between C2 and C3 of 

the furan ring. This leads to the formation of levulinic acid. The rehydration of the other double bond 

between C4 and C5 leads eventually to the formation of humins. The activation energy for the rehydration 

leading to levulinic acid is somewhat higher than for the rehydration leading to humins.  The further 

formation of humins occurs by aldol condensation with HMF or a rehydrated version of HMF, with the loss 

of water. The authors also argued that the reaction shown below can also be started with glucose. When 

processing glucose, also some HMF is formed which can form the first building block for humins. The final 

structure of these humins will 

eventually lead to a different 

structure than humins from 

HMF, because less HMF is 

available during such reactions. 

This will lead to less furan rings 

incorporated in the formed 

humin. This expectation was 

verified using IR spectra, in 

which the glucose derived 

humin has much lower peaks in 

the region where the furan 

rings occur 26. Because glucose 

and fructose can isomerize into 

each other, it can be explained 

that also experiments starting 

with fructose will show humin 

formation. 

Because water is needed for the initial step to humins, it is favourable that the concentration of water in 

the reaction mixture is as low as possible. This will make the formation of humins as unlikely as possible, 

although the availability of water is unavoidable, due to the dehydration of fructose to HMF.  

Matlab modelling 
For fitting a model to the experimental data, matlab is used with 

its function ‘lsqnonlin’. This matlab function minimizes the sum of 

the squares of the error for nonlinear systems. It uses the 

following formula to calculate the value that must be minimized: 

∑(𝑉𝑎𝑙𝑢𝑒 𝐹𝑟𝑜𝑚 𝑀𝑜𝑑𝑒𝑙 − 𝑅𝑒𝑎𝑙 𝑉𝑎𝑙𝑢𝑒)2 

In Figure 9 the model is depicted with the red line and the error 

for each data point is depicted with blue lines. In order to obtain 

the best possible fit, several variables are given as input for the function, including upper and lower limits. 

The function is an iterative function, and each iteration it changes the variables and checks if the result 

has become better. When the function reaches the minimum error, it varies the variables less and less 

until it reaches the point where there is no further minimization possible. 

Figure 9 Graphical depiction of the least 
squares method 

Figure 8 Formation of humins and levulinic acid 
according to Heltzel et al. 26 
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Although lsqnonlin tries to minimize the error, it is getting harder when lots of variables are involved. 

Chances are high then that the program finds a local minimum instead of the wanted global minimum. 

Besides that, complex models need lots of computational capacity. To avoid this, the model is splitted up 

in smaller parts if possible. In our case we are working with a sequence of chemical reactions (Fructose – 

HMF – LA), so it is possible to split up the model in smaller parts. Starting with the final reaction products 

the model is then built up. In this way, the kinetic data of one of the reactions can be calculated and fixed 

in the next model. By using this procedure, it is more likely that a global minimum is found, and the 

computational capacity needed is much less.  

Goodness of Fit 
When making a model, it is important that different models can be compared in order to decide which 

one is the best description of reality. Two different aspects should be considered: how well fits the model 

the experimental data, and how many variables does the model need in order to fit the data well. The first 

aspect can be described by the well-known r2 value, which reaches 1 when the model fits the data 100%. 

Akaike Information Criterion 
Another way of measuring the goodness of fit is the so called Akaike Information Criterion (AIC). This way 

of measuring Goodness of Fit does not say only if the model does fit well, but it also considers the 

complexity of the model. When more variables are implemented, the AIC gives the model a lower rating. 

The AIC does only give information relative to other models, so only different models can be compared. 

The value itself does not say if a model is good or not. The formula used for the calculation of the AIC is: 

AIC = n ∗ ln (
RSS

n
) +  2 ∗ K + 

(2 ∗ K ∗ (K + 1))

n − K − 1
 

In which n = number of data points, RSS = residual sum of squares and K = number of variables. The lower 

the calculated value, the better de model predicts the reality. The formula shown above is extended to 

correct for small sample sizes. The final part (
(2∗K∗(K+1))

n−K−1
) of the formula takes care of this, when the 

amount of data points (n) is increasing, it will become close to zero and is therefore only affecting models 

with small sample sizes27,28.  
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Experimental 
HMF, Levulinic Acid, levulinic acid methyl ester and Fructose, Sorbose Tagatose, Psicose were obtained 

from Sigma Aldrich. Methanol absolute was obtained from Biosolve. All compounds were used as received 

without further purification. 

MMF was made by dehydration of Fructose in methanol. For the reaction a 1 liter reactor was used in 

which 800 ml methanol was placed, with 1 M fructose and 5 mM sulfuric acid. This mixture was heated to 

100°C during 30 minutes and kept at constant temperature for 2 hours afterwards. The reaction mixture 

obtained was extracted twice using 300 ml Methyl Isobutyl Ketone (MIBK) to get rid of the remaining 

HMF. The remaining MIBK in the mixture was evaporated using a rotary evaporator at 40°C. After this, the 

remaining mixture was extracted three times using 300 ml hexane. Finally the remaining hexane was 

removed by evaporation in a rotary evaporator at 40°C. 

The reaction mixture obtained from this process contained ±70 mass% MMF and ±30 mass% LAME. This 

mixture was used for the experiments starting with MMF. Because LAME is one of the stable end products 

(in methanol) it is no problem that some LAME is present at the start of these experiments. 

Experiments 
Reaction mixtures were prepared using stock solutions of starting compound (0.2 / 0.4 M) and sulfuric 

acid (0.1 M) in methanol. Depending on the reaction, a different starting compound was chosen: Fructose, 

HMF, MMF or LA. Approximately 0.3 ml of this reaction mixture was added to a set of glass ampoules of 

approximately 1.5 ml, which were sealed afterwards. 

The initial concentrations were chosen such that the same experiments were conducted for each 

compound. For the starting compound two different concentrations were chosen: 0.1 and 0.2 M. Sulfuric 

acid was used in three concentrations: 8, 16 and 32 mM. The third variable is temperature: the reactions 

were performed at 100 and 120°C. In total there were 12 unique conditions for each compound. From 

most of these, the reactions were performed in duplo. For reactions starting with LA, also 8 reactions 

have been done at 80°C. These reactions started with 0.2 or 0.4 M LA and 8 or 16 mM H2SO4. In total 

there were 85 reactions done. For all experiments conducted, see Appendix I. 

The temperature of the reaction was controlled using a GC oven, which has the big advantage of fast 

heating rates. In this way, the reaction mixture reached the desired temperature within approximately 3 

minutes. Depending on the temperature and acid concentration a final reaction time between 60 and 240 

minutes was chosen.  

In order to create concentration-time profiles for the reaction, the glass ampoules were one at a time 

taken from the oven and put into an ice bath in order to stop the reaction immediately. In this way, the 

composition of the reaction mixture at several times could be determined.  

The reaction mixtures were diluted 7-10 times with miliQ water and if needed filtered with a 0.45μm PTFE 

filter to remove solid residues. The samples were analysed by an Agilent 1200 HPLC with a Bio-Rad 

Aminex HPX-87H column equipped with a refractive index and UV (210 nm) detector. As eluent 5 mM 

H2SO4 in miliQ water was used with a flowrate of 0.55 ml/min.  For each sample, the concentration 

Fructose, FA, LA, LAME, MMF and HMF were determined. Besides that, the initial water concentration for 

each experiment was measured using Karl-Fischer titration. 
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Ketohexose experiments 
For the experiments with sorbose, psicose and tagatose 0.2 M stock solutions in methanol were made. In 

order to be able to dissolve sorbose completely, this solution was acidified slightly (4 mM) with sulfuric 

acid.  These experiments were only conducted at 100°C and 0.1M sugar with acid concentrations of 8 and 

16 mM. With these 3 sugars, 6 different experiments have been done.  

Temperature 
Although a GC oven was used for the experiments, there was still a temperature trajectory at the start of 

each experiment. This temperature trajectory was measured using a thermocouple placed in a glass 

ampoule filled with glycerol. Every 30 seconds the temperature was noted, while the oven was warming 

up from room temperature to 100 or 120°C. These measurements are done in duplo for both 

temperatures.  
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Results 
For each experiment concentration time profiles were obtained for Fructose, HMF, MMF, LA, LAME and 

FA. FAME (formic acid methyl ester) could not be detected, due to the de-esterification in the aqueous 

acidic environment of the HPLC. Therefore the FA concentration is in reality the concentration FA and 

FAME added. For the model this is not of great concern, because both compounds are final reaction 

products.  

The concentration of Fructose, FA, LA and LAME were determined using the RID (refractive index 

detector) from the HPLC. MMF and HMF were determined using UV absorption, because these two gave 

intense peaks in the UV spectrum. LAME gave intense peaks in both spectra, but it seemed that the RID 

peaks gave more accurate results. 

For all reactions starting with Fructose, HMF and MMF the reaction mixture becomes more coloured 

when the reaction proceeded. When the concentration acid or initial concentration was higher, this 

colouring was much earlier visible, and these reactions resulted mostly in brown precipitates after dilution 

with water. For reactions starting with MMF and high acid concentrations, there was even precipitation 

visible in the reaction mixture. This precipitate dissolves when diluted with water. 

A typical concentration-time profile for the reaction starting with fructose is shown in Figure 10.  The 

concentration-time profiles show that fructose is rapidly converted into HMF or MMF. Besides that, for all 

experiments the concentration of LAME and FA at each time is approximately the same and increasing 

over time. From this can be concluded that those two components are the stable end products of the 

reaction. These observations are in line with the proposed reaction pathway by van Putten (see Figure 5) 

 

Figure 10 Concentration-Time profiles for experiment 5 (0.2 M fructose/ 8 mM H2SO4/ 120°C) 

A typical concentration-time profile for the reaction starting with HMF is shown in Figure 11. These 

concentration time profiles show that HMF is rapidly converted to MMF and then reappears. Also this 

experiment shows that LAME and FA are the stable end products. 
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Figure 11 Concentration-Time profiles for experiment 34 (0.2 M HMF/ 8 mM H2SO4/ 120°C) 

The experiments starting with MMF (see Figure 12) show the same trends as for the experiments starting 

with HMF. MMF is converted to HMF and LAME and FA. All experiments starting with MMF did also 

contain an certain amount of LAME, because a mixture of LAME and MMF was used instead of pure MMF. 

 

Figure 12 Concentration-Time profiles for experiment 41 (0.2 M MMF/ 8 mM H2SO4/ 120°C) 

The experiments starting with LA showed that LA is rapidly esterified with methanol to form LAME (see 

Figure 13). As expected, there were no other products formed. Because LA is reacting away rapidly and 

almost completely, no experiments starting with LAME have been done.  
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Figure 13 Concentration-Time profiles for experiment 82 (0.4M LA/ 16mM H2SO4/ 100°C) 

Mass balance problem 
From the concentration-time profiles shown above, also the mass balance is shown. This mass balance 

was calculated using this formula: MB = 
[𝐹𝑟𝑢𝑐𝑡𝑜𝑠𝑒]+[𝐻𝑀𝐹] +[𝑀𝑀𝐹]+[𝐿𝐴]+[𝐿𝐴𝑀𝐸]

[𝐹𝑟𝑢𝑐𝑡𝑜𝑠𝑒]0+[𝐻𝑀𝐹]0 + [𝑀𝑀𝐹]0 + [𝐿𝐴]0+[𝐿𝐴𝑀𝐸]0
 . As can be clearly seen 

from the figures above, during most reactions there is material lost (or at least not detected). For HMF 

and MMF this loss is irreversible, but for the reactions starting with fructose, a part of this is reversible. 

The irreversible mass loss could be explained by the formation of humins, which cannot be detected by 

HPLC. These humins were also observed as brown precipitation after diluting with water, and in the case 

of MMF with high acid concentrations even before dilution. 

For the reactions starting with fructose, there was also a reversible mass balance error. First, the mass 

balance decreases rapidly, but then increases slowly to a value lower than 1. An example of this trend is 

shown in Figure 10. This can only be explained by a non-detected compound which is first formed rapidly, 

and then reacts slowly further to one of the detected compounds. Besides that, also humins are formed, 

which do not react back to one of the detected compounds. The sum of these two effects result in the 

mass balance trend as generally seen in the experiments starting with fructose. 

An explanation for this is the reversible formation of methyl fructosides as shown in Figure 14. First these 

products are formed rapidly, and when the reaction proceeds, the fructosides either react back to 

fructose, or go further and dehydrate to form MMF29 

 

Figure 14 Reversible formation of methyl fructosides 

Temperature dependency 
The temperature profiles for the heating of the reaction mixtures were obtained in duplo for 100°C and 

120°C. Fitting a formula of the form 𝑇𝑟𝑒𝑎𝑙 = 𝑇𝑓𝑖𝑛𝑎𝑙 − (𝑇𝑓𝑖𝑛𝑎𝑙 − 𝑇𝑖𝑛𝑖𝑡) ∗ 𝑒−𝑐1∗𝑡 did not result in a 
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correct temperature trajectory, and therefore the formula of the form 𝑇𝑟𝑒𝑎𝑙 = 𝑇𝑓𝑖𝑛𝑎𝑙 −

(𝑇𝑓𝑖𝑛𝑎𝑙 − 𝑇𝑖𝑛𝑖𝑡) ∗ 𝑒−𝑐1∗𝑡𝑐2
 was used. This formula resulted in accurate results when c1 = 0.6468 and c2 = 

1.7816. The fit is shown in Figure 15 and has r2=0.992. The initial temperature of each experiment was 

298K and therefore the formula describing the temperature of the mixture as a function of time (in 

minutes) is: 

𝑇𝑟𝑒𝑎𝑙 = 𝑇𝑓𝑖𝑛𝑎𝑙 − (𝑇𝑓𝑖𝑛𝑎𝑙 − 298) ∗ 𝑒−0.6468∗𝑡1.7816
 (1)  

 

Figure 15 Temperature-time profile of a glass tube filled with 0.3 ml glycerol 

Modelling  
To determine the kinetic parameters at several temperatures, the k values at reference temperature 

(110°C) and the activation energies were varied to obtain the best fit. To calculate the k at the reaction 

temperature Arrhenius’ law was used: 

ln 𝑘𝑟𝑒𝑓 = ln 𝐴 −
𝐸𝑎

𝑅𝑇𝑟𝑒𝑓
 (2) 

ln 𝑘𝑟𝑒𝑎𝑙 = ln 𝐴 −
𝐸𝑎

𝑅𝑇𝑟𝑒𝑎𝑙
 (3) 

Subtracting those two equations and rewriting lead to: 

ln
𝑘𝑟𝑒𝑓

𝑘𝑟𝑒𝑎𝑙
=  −

𝐸𝑎

𝑅
(

1

𝑇𝑟𝑒𝑓
−

1

𝑇𝑟𝑒𝑎𝑙
)  (4) 

Removing the logarithm leads to the formula which was used for all kinetic parameters for all models: 

𝑘𝑟𝑒𝑎𝑙 = 𝑘𝑟𝑒𝑓𝑒
−

𝐸𝑎
𝑅

(
1

𝑇𝑟𝑒𝑎𝑙
−

1
𝑇𝑟𝑒𝑓

)
 (5) 
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LA – LAME reaction 
Several models have been tested for their validity, but first a model for the reaction from LA to LAME and 

backwards was made by using the following reaction: 

 

The following set of equations was used assuming only first order reactions: 

𝑑𝐶𝐿𝐴

𝑑𝑡
= −𝑘4𝐶𝐿𝐴𝐶𝐻2𝑆𝑂4 + 𝑘−4𝐶𝐿𝐴𝑀𝐸𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 

𝑑𝐶𝐿𝐴𝑀𝐸

𝑑𝑡
=  𝑘4𝐶𝐿𝐴𝐶𝐻2𝑆𝑂4 − 𝑘−4𝐶𝐿𝐴𝑀𝐸𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 

𝑑𝐶𝑤𝑎𝑡𝑒𝑟

𝑑𝑡
=  𝑘4𝐶𝐿𝐴𝐶𝐻2𝑆𝑂4 − 𝑘−4𝐶𝐿𝐴𝑀𝐸𝐶𝐻2𝑆𝑂4 

 

Using only the experiments starting with LA (61-66 and 79-86, see Appendix I) including the initial water 

concentrations, the kinetic parameters shown in Table 4 were obtained: 

Table 4 Kinetic data for the reaction from LA to LAME with Ea in kJ/mol including its 95% confidence interval 

parameter value ± CI 

k4 (l/mol.min) 41.62 3.36 

Ea4 51.32 3.07 

k_4 (l2/mol2.min 1.04 0.31 
Ea_4 19.98 9.60 

 

This model fitted the data well, as can be seen in the parity plots and the goodness of fit parameters 

shown in Figure 17 and Table 5. 

Table 5 r2 values for the LA-LAME model 

Overall LA LAME 

0.9929 0.9643 0.9713 
 

From the results can be seen that the reaction 

forwards is much faster than the reverse reaction 

at 110°C. it is hard to compare these results to 

literature, because no results are reported for this 

reaction in methanol. The fast forward reaction in 

comparison with the backward reaction makes it 

hard to estimate the kinetic parameters for the 

backward reaction. The effect of this is visible in 
Figure 17 parity plots for the LA-LAME model 

Figure 16 Equilibrium reaction between LA and LAME 
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the relative high values of the 95% confidence interval. The activation energy of the forward reaction is a 

normal value for an esterification reaction.30,31 Overall, these parameters seem to fit the data rather well, 

with an r2 of 0.9929.  

There is not much kinetic data available about the esterification of levulinic acid. For the reaction with 

butanol over an H-ZSM-5 catalyst an activation energy of 23.84 kJ/mol was reported32. For the same 

reaction with sulfuric acid an activation energy of 54.2 and 48.4 kJ/mol for respectively the forward and 

reverse reaction were reported. In this report also k=0.68 and k=0.23 l2/mol2.min at 110°C for the forward 

and backward reaction was reported33, which are much lower than the values found with this model. For 

the esterification with ethanol using DH-ZSM-5, activation energies of 21.08-73.14 kJ/mol were reported, 

depending on the amount of catalyst30. 

The results obtained by our model are not in line with other data found in literature for similar reactions, 

except for the activation energy for the forward reaction. Although there may be some differences due to 

different substrates and catalysts, the difference with data found in literature is rather high. One reason 

for the different results is the instability of LAME on the used HPLC column, due to the acidic aqueous 

environment. A correction factor for this was applied, but it is reasonable that the results for LA and LAME 

are not as accurate as for the other compounds. 
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HMF-LA / MMF-LAME model without humin formation 
For all models tested which do not involve humins, this is a step further to the final model. This model is 

an expansion for the above described LA-LAME model. Also the reactions from HMF to LA and MMF to 

LAME were added and the following reaction scheme was used for this model:  

 

Figure 18 Reaction scheme for the HMF-LA / MMF-LAME model without humins 

During the reaction formic acid is formed and esterificated to methyl formate. However, during analysis in 

HPLC, methyl formate is converted back to formic acid due to the aqueous acidic environment. Therefore 

only formic acid is seen in the analysis results. In the models also formic acid is used, but it is reasonable 

that in reality there is more methyl formate available than formic acid during the reaction. 

The following set of equations, assuming first order in substrate, was used based on the reaction scheme 

shown in Figure 18: 

𝑑𝐶𝐻𝑀𝐹

𝑑𝑡
=  − 𝑘2𝐶𝐻𝑀𝐹𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 − 𝑘3𝐶𝐻𝑀𝐹𝐶𝐻2𝑆𝑂4 + 𝑘−3𝐶𝑀𝑀𝐹𝐶𝐻2𝑂𝐶𝐻2𝑆𝑂4 

𝑑𝐶𝑀𝑀𝐹

𝑑𝑡
=   𝑘3𝐶𝐻𝑀𝐹𝐶𝐻2𝑆𝑂4 − 𝑘−3𝐶𝑀𝑀𝐹𝐶𝐻2𝑂𝐶𝐻2𝑆𝑂4 − 𝑘5𝐶𝑀𝑀𝐹𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 

𝑑𝐶𝐿𝐴

𝑑𝑡
=  𝑘2𝐶𝐻𝑀𝐹𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 − 𝑘4𝐶𝐿𝐴𝐶𝐻2𝑆𝑂4 + 𝑘−4𝐶𝐿𝐴𝑀𝐸𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 

𝑑𝐶𝐿𝐴𝑀𝐸

𝑑𝑡
=  𝑘5𝐶𝑀𝑀𝐹𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 + 𝑘4𝐶𝐿𝐴𝐶𝐻2𝑆𝑂4 − 𝑘−4𝐶𝐿𝐴𝑀𝐸𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 

𝑑𝐶𝐹𝐴

𝑑𝑡
=  𝑘2𝐶𝐻𝑀𝐹𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 + 𝑘5𝐶𝑀𝑀𝐹𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 

𝑑𝐶𝑤𝑎𝑡𝑒𝑟

𝑑𝑡
=  −𝑘2𝐶𝐻𝑀𝐹𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 + 𝑘4𝐶𝐿𝐴𝐶𝐻2𝑆𝑂4 − 𝑘−4𝐶𝐿𝐴𝑀𝐸𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 + 𝑘3𝐶𝐻𝑀𝐹𝐶𝐻2𝑆𝑂4

−  𝑘−3𝐶𝑀𝑀𝐹𝐶𝐻2𝑂𝐶𝐻2𝑆𝑂4  − 𝑘5𝐶𝑀𝑀𝐹𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 

The kinetic parameters for LA and LAME (so reaction 4 and -4) were fixed and the results from the 

previous model were used. This resulted in the kinetic parameters shown in Table 6 and the goodness of 
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fit results shown in Table 7. To obtain these results, the measured initial water concentration of each 

experiment was used. 

Table 6 kinetic data for the HMF-LA model without humins with Ea in kJ/mol including its 95% confidence intervals 

parameter value ± CI 

k2 (l2/mol2.min) 0.02 0.41 

Ea2 4.90 3.82 

k3 (l/mol.min) 47.77 4.94 

Ea3 102.59 16.07 

k4 (l/mol.min) 41.62 3.36 

Ea4 51.32 3.07 

k5 (l2/mol2.min) 2.34 0.12 

Ea5 100.74 4.54 

k_3 (l2/mol2.min) 17.97 2.62 

Ea_3 117.61 21.22 

k_4 (l2/mol2.min) 1.04 0.31 

Ea_4 19.98 9.60 

 

Table 7 r2 values for the HMF-LA model without humins 

Overall FA LA LAME MMF HMF MMF+HMF 

0.9667 0.9413 0.9726 0.9713 0.9381 0.7161 0.9824 

 

From the data in Table 6 and Table 7 can be seen that this model does predict that reaction 2 is not 

occurring. Therefore, the pathway according to this model is HMF -> MMF -> LAME ( -> LA). This was also 

tested by manually disabling reaction 2, and this did not change the results. 

This pathway is reasonable, because the reaction is done in methanol, and therefore MMF is available 

much more than HMF. In Figure 19 the parity plots for this model are shown. Also here is visible that all 

compounds fit rather well, except for HMF. Especially at lower concentrations the model predicts too low 

concentrations. The reason for this is the long waiting times before analysis in HPLC. During this time, a lot 

of water is available (due to dilution with water before analysis), resulting in the reaction from MMF to 

HMF. This effect is also visible in the parity plots for MMF, which is generally predicted too high. 

With exception of k2/Ea2 the model gives reasonable kinetic values. The combination of low rate constant 

and low activation energy implies that this reaction is not occurring. Besides that, the confidence intervals 

are very high, meaning that the results shown are very inaccurate.  

In literature there is no information available about these reactions in methanol, but the activation 

energies like the ones shown above are commonly seen in literature for these reactions in other solvents. 
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Figure 19 parity plots for the HMF-LA model without humins (results did not change by disabling reaction 2) 
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Full model excluding humin formation 
The first model tested is the model as described by van Putten. In this model only Fructose, HMF, MMF, 

LA, FA and LAME were involved, and no humins or fructosides, see Figure 20. 

 

Figure 20 reaction scheme for the standard model according to van Putten. 

The following set of equations was used for this model, based on the reaction scheme above:  

𝑑𝐶𝐹𝑟𝑢𝑐𝑡𝑜𝑠𝑒

𝑑𝑡
=  −𝑘1𝐶𝐹𝑟𝑢𝑐𝑡𝑜𝑠𝑒𝐶𝐻2𝑆𝑂4 

𝑑𝐶𝐻𝑀𝐹

𝑑𝑡
=  𝑘1𝐶𝐹𝑟𝑢𝑐𝑡𝑜𝑠𝑒𝐶𝐻2𝑆𝑂4 − 𝑘2𝐶𝐻𝑀𝐹𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 − 𝑘3𝐶𝐻𝑀𝐹𝐶𝐻2𝑆𝑂4 + 𝑘−3𝐶𝑀𝑀𝐹𝐶𝐻2𝑂𝐶𝐻2𝑆𝑂4 

𝑑𝐶𝑀𝑀𝐹

𝑑𝑡
=   𝑘3𝐶𝐻𝑀𝐹𝐶𝐻2𝑆𝑂4 − 𝑘−3𝐶𝑀𝑀𝐹𝐶𝐻2𝑂𝐶𝐻2𝑆𝑂4 − 𝑘5𝐶𝑀𝑀𝐹𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 

𝑑𝐶𝐿𝐴

𝑑𝑡
=  𝑘2𝐶𝐻𝑀𝐹𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 − 𝑘4𝐶𝐿𝐴𝐶𝐻2𝑆𝑂4 + 𝑘−4𝐶𝐿𝐴𝑀𝐸𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 

𝑑𝐶𝐿𝐴𝑀𝐸

𝑑𝑡
=  𝑘5𝐶𝑀𝑀𝐹𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 + 𝑘4𝐶𝐿𝐴𝐶𝐻2𝑆𝑂4 − 𝑘−4𝐶𝐿𝐴𝑀𝐸𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 

𝑑𝐶𝐹𝐴

𝑑𝑡
=  𝑘2𝐶𝐻𝑀𝐹𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 + 𝑘5𝐶𝑀𝑀𝐹𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 

𝑑𝐶𝑤𝑎𝑡𝑒𝑟

𝑑𝑡
=  3 ∗ 𝑘1𝐶𝐹𝑟𝑢𝑐𝑡𝑜𝑠𝑒𝐶𝐻2𝑆𝑂4  − 𝑘2𝐶𝐻𝑀𝐹𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 + 𝑘4𝐶𝐿𝐴𝐶𝐻2𝑆𝑂4 − 𝑘−4𝐶𝐿𝐴𝑀𝐸𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂

+ 𝑘3𝐶𝐻𝑀𝐹𝐶𝐻2𝑆𝑂4 −  𝑘−3𝐶𝑀𝑀𝐹𝐶𝐻2𝑂𝐶𝐻2𝑆𝑂4  − 𝑘5𝐶𝑀𝑀𝐹𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 

The kinetic values calculated by the HMF-LA model without humins were used for this model, but this 

model was also calculated without fixing those parameters, to see how this influences the result.  

Examples of the results are shown in Figure 21 and Figure 22 
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Figure 21 example of fit for the standard model without fixed parameters 

 

Figure 22 Example of fit for the standard model with fixed HMF-LA parameters 

To have a more general view, the parity plots for this model are shown in Figure 23 and Figure 24: 

 

Figure 23 parity plots for the model from van Putten, with fixed parameters 

As can be seen from Figure 23 the model describes the model more or less, but fructose does not fit. The 

other compounds have some spreading, but the general trend is visible. To see if the model is calculated 
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correctly, the same model without using the parameters from the HMF-LA model was tested. This should 

result in approximately the same results, which is the case: 

 

Figure 24 parity plots for the model from van Putten, without fixed parameters 

Also the calculated kinetic values are in the same range for both models with the exception of reaction 2 

and -4, see Table 8: 

Table 8 kinetic data for the model as described by van Putten with Ea in kJ/mol including its 95% confidence intervals 

 
 No fixed parameters Fixed parameters 

parameter value ± CI value ± CI 

k1 (l/mol.min) 1.13 0.05 0.99 0.04 

Ea1 65.06 5.66 60.56 5.27 

k2 (l2/mol2.min) 0.00 0.50 0.02 0.41 

Ea2 28.83 23.73 4.90 3.82 

k3 (l/mol.min) 47.71 6.39 47.77 4.94 

Ea3 101.75 21.75 102.59 16.07 

k4 (l/mol.min) 50.62 8.66 41.62 3.36 

Ea4 58.32 6.76 51.32 3.07 

k5 (l2/mol2.min) 2.05 0.14 2.34 0.12 

Ea5 100.31 5.21 100.74 4.54 

k_3 (l2/mol2.min) 19.50 3.40 17.97 2.62 

Ea_3 120.02 27.09 117.61 21.22 

k_4 (l2/mol2.min) 4.41 1.11 1.04 0.31 

Ea_4 71.15 16.21 19.98 9.60 

 

For the reaction from fructose to HMF a k1 of 1.128 l/mol.min and Ea 64.8 kJ/mol was reported3. The 

results obtained by our model did show values in the same range. For the reaction in water the following 
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results were reported in literature: k1 = 1.1 l/mol.min and Ea1 = 123 kJ/mol, which do differ somewhat 

from the results shown above. In the same report, k2 was calculated at 0.38 and the activation energy at 

92 kJ/mol.12  The difference in k2 values was expected, because a different solvent was used. 

The results of this model are not very good (see Table 2), although the model with fixed parameters gives 

better results, proving that building a model by fixing parameters does work well. Because of the bad fits, 

the kinetic parameters cannot be very accurate too. This result was expected, because it was known that 

there was a mass balance deficiency, which is not taken into account in this model.  

Table 9  r2 values for the model as described by van Putten 

 
Overall Fructose FA LA LAME MMF HMF MMF+

HMF 

Fixed parameters 0.9330 0.8369 0.9199 0.9709 0.9520 0.8610 0.6739 0.9821 

No fixed 
parameters 

0.9305 0.8635 0.8996 0.9358 0.9531 0.8488 0.6663 0.9818 
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Model HMF-LA / MMF-LAME including humin formation 
In order to get more accurate results, in this model also humins are incorporated. In this model all 

reactions except for the reaction from fructose to HMF were involved. The reaction pathway is depicted in 

Figure 25: 

 

Figure 25 reaction scheme for the HMF-LA / MMF-LAME model 

The results from this model can be used to fix the kinetic variables in the following models. For the 

reactions to humins, it was assumed that there was only one molecule water formed for each molecule 

reacting to humin. The experimental concentrations of humin were calculated by the following formula: 

[ℎ𝑢𝑚𝑖𝑛] = (1 − 𝑀𝐵) ∗ [𝑠𝑡𝑎𝑟𝑡𝑖𝑛𝑔 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑]0 

 Further, the following equations were used for the calculation of this model: 

𝑑𝐶𝐻𝑀𝐹

𝑑𝑡
=  − 𝑘2𝐶𝐻𝑀𝐹𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 − 𝑘3𝐶𝐻𝑀𝐹𝐶𝐻2𝑆𝑂4 + 𝑘−3𝐶𝑀𝑀𝐹𝐶𝐻2𝑂𝐶𝐻2𝑆𝑂4 − 𝑘6𝐶𝐻𝑀𝐹𝐶𝐻2𝑆𝑂4 

𝑑𝐶𝑀𝑀𝐹

𝑑𝑡
=   𝑘3𝐶𝐻𝑀𝐹𝐶𝐻2𝑆𝑂4 − 𝑘−3𝐶𝑀𝑀𝐹𝐶𝐻2𝑂𝐶𝐻2𝑆𝑂4 − 𝑘5𝐶𝑀𝑀𝐹𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 − 𝑘7𝐶𝑀𝑀𝐹𝐶𝐻2𝑆𝑂4 

𝑑𝐶𝐿𝐴

𝑑𝑡
=  𝑘2𝐶𝐻𝑀𝐹𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 − 𝑘4𝐶𝐿𝐴𝐶𝐻2𝑆𝑂4 + 𝑘−4𝐶𝐿𝐴𝑀𝐸𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 

𝑑𝐶𝐿𝐴𝑀𝐸

𝑑𝑡
=  𝑘5𝐶𝑀𝑀𝐹𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 + 𝑘4𝐶𝐿𝐴𝐶𝐻2𝑆𝑂4 − 𝑘−4𝐶𝐿𝐴𝑀𝐸𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 

𝑑𝐶𝐹𝐴

𝑑𝑡
=  𝑘2𝐶𝐻𝑀𝐹𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 + 𝑘5𝐶𝑀𝑀𝐹𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 

𝑑𝐶𝐻𝑢𝑚𝑖𝑛

𝑑𝑡
=  𝑘6𝐶𝐻𝑀𝐹𝐶𝐻2𝑆𝑂4 + 𝑘7𝐶𝑀𝑀𝐹𝐶𝐻2𝑆𝑂4 

𝑑𝐶𝑤𝑎𝑡𝑒𝑟

𝑑𝑡
=  − 𝑘2𝐶𝐻𝑀𝐹𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 + 𝑘4𝐶𝐿𝐴𝐶𝐻2𝑆𝑂4 − 𝑘−4𝐶𝐿𝐴𝑀𝐸𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 + 𝑘3𝐶𝐻𝑀𝐹𝐶𝐻2𝑆𝑂4

−  𝑘−3𝐶𝑀𝑀𝐹𝐶𝐻2𝑂𝐶𝐻2𝑆𝑂4  − 𝑘5𝐶𝑀𝑀𝐹𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 + 𝑘6𝐶𝐻𝑀𝐹𝐶𝐻2𝑆𝑂4 + 𝑘7𝐶𝑀𝑀𝐹𝐶𝐻2𝑆𝑂4 
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The kinetic parameters for LA and LAME (so reaction 4 and -4) were fixed and the results from the LA-

LAME model were used. For the water concentration the initial concentrations were used. The 

introduction of humins resulted in much better results as can be seen in Figure 26: 

 

Figure 26 Parity Plots for the HMF-LA model including humins 

From   
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Table 10 becomes clear that also in this model the reaction pathway goes via MMF-LAME and not via 

HMF-LA. This is reasonable, because MMF is most of the times available in higher concentrations than 

HMF. From this data can be concluded that humins are formed from both HMF and MMF. This was also 

observed during the experiments: after long reaction times and with high concentrations, black/brown 

precipitation was observed on the bottom of the tubes in reactions starting with HMF and MMF. 
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Table 10 kinetic data for the HMF-LA model including humins with Ea in kJ/mol including its 95% confidence intervals 

parameter value ± CI 

k2 (l2/mol2.min) 0.27 0.30 

Ea2 5.94 3.59 

k3 (l/mol.min) 44.62 2.98 

Ea3 102.72 9.78 

k4 (l/mol.min) 41.62 3.36 

Ea4 51.32 3.07 

k5 (l2/mol2.min) 2.37 0.07 

Ea5 107.54 3.11 

k6 (l/mol.min) 0.57 0.27 

Ea6 135.54 60.96 

k7 (l/mol.min) 0.25 0.03 

Ea7 91.63 15.40 

k_3 (l2/mol2.min) 10.41 1.34 

Ea_3 114.94 17.15 

k_4 (l2/mol2.min) 1.04 0.31 

Ea_4 19.98 9.60 

Also from the goodness of fit parameters shown in Table 11  it can be seen that the HMF-LA model does 

fit much better the data when humins are incorporated in the model. HMF however, is still fitting badly. 

Table 11 r2 values for the HMF-LA model with humins 

Overall FA LA LAME MMF HMF MMF+HMF 

0.9811 0.9557 0.9718 0.9832 0.9762 0.7631 0.9841 
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Full model including humins 
This model is the same as the model described by van Putten, with the humin forming reaction added. It is 

assumed that humins can be formed from fructose, HMF and MMF. The reaction scheme used for this 

model is depicted in Figure 27: 

 

Figure 27 Reaction scheme for the standard model including humins 

The concentration of humins was also calculated by the following formula: 

[𝐻𝑢𝑚𝑖𝑛] = (1 − 𝑀𝐵) ∗ [𝑠𝑡𝑎𝑟𝑡𝑖𝑛𝑔 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑]0 

Further the following equations were used for the calculation of the model, in which all variables which 

were calculated by the HMF-LA model were both fixed and kept variable for comparison: 

𝑑𝐶𝐹𝑟𝑢𝑐𝑡𝑜𝑠𝑒

𝑑𝑡
=  −𝑘1𝐶𝐹𝑟𝑢𝑐𝑡𝑜𝑠𝑒𝐶𝐻2𝑆𝑂4 − 𝑘8𝐶𝐹𝑟𝑢𝑐𝑡𝑜𝑠𝑒𝐶𝐻2𝑆𝑂4 

𝑑𝐶𝐻𝑀𝐹

𝑑𝑡
=  𝑘1𝐶𝐹𝑟𝑢𝑐𝑡𝑜𝑠𝑒𝐶𝐻2𝑆𝑂4 − 𝑘2𝐶𝐻𝑀𝐹𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 − 𝑘3𝐶𝐻𝑀𝐹𝐶𝐻2𝑆𝑂4 + 𝑘−3𝐶𝑀𝑀𝐹𝐶𝐻2𝑂𝐶𝐻2𝑆𝑂4

− 𝑘6𝐶𝐻𝑀𝐹𝐶𝐻2𝑆𝑂4 

𝑑𝐶𝑀𝑀𝐹

𝑑𝑡
=   𝑘3𝐶𝐻𝑀𝐹𝐶𝐻2𝑆𝑂4 − 𝑘−3𝐶𝑀𝑀𝐹𝐶𝐻2𝑂𝐶𝐻2𝑆𝑂4 − 𝑘5𝐶𝑀𝑀𝐹𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 − 𝑘7𝐶𝑀𝑀𝐹𝐶𝐻2𝑆𝑂4 

𝑑𝐶𝐿𝐴

𝑑𝑡
=  𝑘2𝐶𝐻𝑀𝐹𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 − 𝑘4𝐶𝐿𝐴𝐶𝐻2𝑆𝑂4 + 𝑘−4𝐶𝐿𝐴𝑀𝐸𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 

𝑑𝐶𝐿𝐴𝑀𝐸

𝑑𝑡
=  𝑘5𝐶𝑀𝑀𝐹𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 + 𝑘4𝐶𝐿𝐴𝐶𝐻2𝑆𝑂4 − 𝑘−4𝐶𝐿𝐴𝑀𝐸𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 

𝑑𝐶𝐹𝐴

𝑑𝑡
=  𝑘2𝐶𝐻𝑀𝐹𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 + 𝑘5𝐶𝑀𝑀𝐹𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 

𝑑𝐶𝐻𝑢𝑚𝑖𝑛

𝑑𝑡
=  𝑘6𝐶𝐻𝑀𝐹𝐶𝐻2𝑆𝑂4 + 𝑘7𝐶𝑀𝑀𝐹𝐶𝐻2𝑆𝑂4 + 𝑘8𝐶𝐻𝑀𝐹𝐶𝐻2𝑆𝑂4 
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𝑑𝐶𝑤𝑎𝑡𝑒𝑟

𝑑𝑡
=  3 ∗ 𝑘1𝐶𝐹𝑟𝑢𝑐𝑡𝑜𝑠𝑒𝐶𝐻2𝑆𝑂4 − 𝑘2𝐶𝐻𝑀𝐹𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 + 𝑘4𝐶𝐿𝐴𝐶𝐻2𝑆𝑂4 − 𝑘−4𝐶𝐿𝐴𝑀𝐸𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂

+ 𝑘3𝐶𝐻𝑀𝐹𝐶𝐻2𝑆𝑂4 −  𝑘−3𝐶𝑀𝑀𝐹𝐶𝐻2𝑂𝐶𝐻2𝑆𝑂4  − 𝑘5𝐶𝑀𝑀𝐹𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 + 𝑘6𝐶𝐻𝑀𝐹𝐶𝐻2𝑆𝑂4

+ 𝑘7𝐶𝑀𝑀𝐹𝐶𝐻2𝑆𝑂4 + 𝑘8𝐶𝐻𝑀𝐹𝐶𝐻2𝑆𝑂4 

This model resulted in better results than the model without humins, as was expected. For water the 

initial concentrations were used. Examples of the fit are shown in Figure 28 and Figure 29: 

 

Figure 28 example of fit for the standard model with humins without fixed parameters 

 

Figure 29 example of fit for the standard model with humins with fixed parameters 

 The parity plots are shown in Figure 30 and Figure 31. It can be seen that the introduction of humins into 

the model improves the goodness of fit. The differences between fixed parameters (reactions 2, 3, -3, 4, -

4, 5, 6 and 7 fixed) and non-fixed parameters are small, as was expected. 
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Figure 30 Parity plots for the standard model including humins with fixed parameters 

 

Figure 31 Parity plots for the standard model including humins without fixed parameters 

The kinetic parameters for this model are shown in Table 12. Both runs of the model resulted in 

approximately the same kinetic data for reaction 1. These results are in line with the values reported in 

literature3, namely k = 1.128 l/mol.min and Ea = 65 kJ/mol. The results for reaction 2 show that this 

reaction is not occurring, and therefore the weird results for the activation energies and its confidence 
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intervals. Reaction 6 (HMF to humins) shows high confidence intervals. This is due to the bad fit of HMF as 

can be seen in the parity plots shown above.  

Table 12 kinetic data for the standard model with humins with Ea in kJ/mol including its 95% confidence intervals 

 
Fixed parameters No fixed parameters 

parameter Value ± CI value ± CI 

k1 (l/mol.min) 1.29 0.05 1.36 0.06 

Ea1 78.10 4.94 78.53 5.36 

k2 (l2/mol2.min) 0.27 0.30 0.00 0.56 

Ea2 5.94 3.59 159.72 123.55 

k3 (l/mol.min) 44.62 2.98 43.74 3.72 

Ea3 102.72 9.78 82.23 10.85 

k4 (l/mol.min) 41.62 3.36 44.88 4.77 

Ea4 51.32 3.07 53.60 4.29 

k5 (l2/mol2.min) 2.37 0.07 2.14 0.11 

Ea5 107.54 3.11 104.07 3.71 

k6 (l/mol.min) 0.57 0.27 0.00 0.23 

Ea6 135.54 60.96 33.54 24.38 

k7 (l/mol.min) 0.25 0.03 0.27 0.04 

Ea7 91.63 15.40 101.79 11.75 

k_3 (l2/mol2.min) 10.41 1.34 11.34 1.65 

Ea_3 114.94 17.15 84.72 13.64 

k_4 (l2/mol2.min) 1.04 0.31 2.30 0.49 

Ea_4 19.98 9.60 43.47 13.58 

k8 (l/mol.min) 0.29 0.03 0.33 0.03 

Ea8 83.03 11.21 93.58 11.30 

 

In general, the model with humins does fit much better than without humins, as was expected. The r2 

value of the model without humins was approximately 0.93, which increased to approximately 0.96 after 

introduction of humins. 

Table 13 r2 values for the standard model with humins 

 
Overall Fructose FA LA LAME MMF HMF MMF + 

HMF 

No Fixed parameters 0.9583 0.9272 0.9265 0.9663 0.9752 0.8935 0.7074 0.9833 

Fixed parameters 0.9580 0.9212 0.9330 0.9713 0.9757 0.8926 0.7220 0.9835 
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Model including fructosides and humins 
In order to be able to compensate for the reversible part of the error in mass balance (as explained in the 

section “Mass balance problem”), the possibility to form fructosides was implemented in this model. The 

reaction scheme is shown in Figure 32: 

 

Figure 32 Reaction scheme for the model including fructosides and humins 

The model was tested with all kinetic parameters variable, the kinetic parameters from the HMF-LA model 

fixed and only the LA kinetic parameters fixed. The results for both runs with variables fixed did give the 

best results and these will be discussed here. 

For this model the following set of differential equations was used: 

𝑑𝐶𝐹𝑟𝑢𝑐𝑡𝑜𝑠𝑒

𝑑𝑡
=  −𝑘1𝐶𝐹𝑟𝑢𝑐𝑡𝑜𝑠𝑒𝐶𝐻2𝑆𝑂4 − 𝑘8𝐶𝐹𝑟𝑢𝑐𝑡𝑜𝑠𝑒𝐶𝐻2𝑆𝑂4 − 𝑘9𝐶𝐹𝑟𝑢𝑐𝑡𝑜𝑠𝑒𝐶𝐻2𝑆𝑂4

+ 𝑘−9𝐶𝐹𝑟𝑢𝑐𝑡𝑜𝑠𝑖𝑑𝑒𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 

𝑑𝐶𝐻𝑀𝐹

𝑑𝑡
=  𝑘1𝐶𝐹𝑟𝑢𝑐𝑡𝑜𝑠𝑒𝐶𝐻2𝑆𝑂4 − 𝑘2𝐶𝐻𝑀𝐹𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 − 𝑘3𝐶𝐻𝑀𝐹𝐶𝐻2𝑆𝑂4 + 𝑘−3𝐶𝑀𝑀𝐹𝐶𝐻2𝑂𝐶𝐻2𝑆𝑂4

− 𝑘6𝐶𝐻𝑀𝐹𝐶𝐻2𝑆𝑂4 

𝑑𝐶𝑀𝑀𝐹

𝑑𝑡
=   𝑘3𝐶𝐻𝑀𝐹𝐶𝐻2𝑆𝑂4 − 𝑘−3𝐶𝑀𝑀𝐹𝐶𝐻2𝑂𝐶𝐻2𝑆𝑂4 − 𝑘5𝐶𝑀𝑀𝐹𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 − 𝑘7𝐶𝑀𝑀𝐹𝐶𝐻2𝑆𝑂4 

𝑑𝐶𝐿𝐴

𝑑𝑡
=  𝑘2𝐶𝐻𝑀𝐹𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 − 𝑘4𝐶𝐿𝐴𝐶𝐻2𝑆𝑂4 + 𝑘−4𝐶𝐿𝐴𝑀𝐸𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 

𝑑𝐶𝐿𝐴𝑀𝐸

𝑑𝑡
=  𝑘5𝐶𝑀𝑀𝐹𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 + 𝑘4𝐶𝐿𝐴𝐶𝐻2𝑆𝑂4 − 𝑘−4𝐶𝐿𝐴𝑀𝐸𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 

𝑑𝐶𝐹𝐴

𝑑𝑡
=  𝑘2𝐶𝐻𝑀𝐹𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 + 𝑘5𝐶𝑀𝑀𝐹𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 

𝑑𝐶𝐻𝑢𝑚𝑖𝑛

𝑑𝑡
=  𝑘6𝐶𝐻𝑀𝐹𝐶𝐻2𝑆𝑂4 + 𝑘7𝐶𝑀𝑀𝐹𝐶𝐻2𝑆𝑂4 + 𝑘8𝐶𝐻𝑀𝐹𝐶𝐻2𝑆𝑂4 

𝑑𝐶𝐹𝑟𝑢𝑐𝑡𝑜𝑠𝑖𝑑𝑒

𝑑𝑡
=  𝑘9𝐶𝐹𝑟𝑢𝑐𝑡𝑜𝑠𝑒𝐶𝐻2𝑆𝑂4 − 𝑘−9𝐶𝐹𝑟𝑢𝑐𝑡𝑜𝑠𝑖𝑑𝑒𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 
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𝑑𝐶𝑤𝑎𝑡𝑒𝑟

𝑑𝑡
=  3 ∗ 𝑘1𝐶𝐹𝑟𝑢𝑐𝑡𝑜𝑠𝑒𝐶𝐻2𝑆𝑂4 − 𝑘2𝐶𝐻𝑀𝐹𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 + 𝑘4𝐶𝐿𝐴𝐶𝐻2𝑆𝑂4 − 𝑘−4𝐶𝐿𝐴𝑀𝐸𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 +

 𝑘3𝐶𝐻𝑀𝐹𝐶𝐻2𝑆𝑂4 −  𝑘−3𝐶𝑀𝑀𝐹𝐶𝐻2𝑂𝐶𝐻2𝑆𝑂4  − 𝑘5𝐶𝑀𝑀𝐹𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 + 𝑘6𝐶𝐻𝑀𝐹𝐶𝐻2𝑆𝑂4 + 𝑘7𝐶𝑀𝑀𝐹𝐶𝐻2𝑆𝑂4 +

𝑘8𝐶𝐹𝑟𝑢𝑐𝑡𝑜𝑠𝑒𝐶𝐻2𝑆𝑂4 + 𝑘9𝐶𝐹𝑟𝑢𝑐𝑡𝑜𝑠𝑒𝐶𝐻2𝑆𝑂4 − 𝑘−9𝐶𝐹𝑟𝑢𝑐𝑡𝑜𝑠𝑖𝑑𝑒𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂  

Further the following formula was used to calculate the amount of humins and fructosides: 

[𝐻𝑢𝑚𝑖𝑛]  + [𝐹𝑟𝑢𝑐𝑡𝑜𝑠𝑖𝑑𝑒]  = (1 − 𝑀𝐵) ∗ [𝑠𝑡𝑎𝑟𝑡𝑖𝑛𝑔 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑]0 

A few examples of the results are shown in Figure 33 and Figure 34: 

 

Figure 33 example of fit for the model with fructosides and fixed HMF-LA parameters 

 

Figure 34 example of fit for the model with fructosides and fixed LA-LAME parameters 

The examples show that the model predicts the experimental data rather well. The model without 

fructosides included could not predict fructose well. This model predicts fructose rather good as can be 

seen in the parity plots shown in Figure 35 and Figure 36: 
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Figure 35 parity plots for the model including humins and fructosides with fixed parameters 

 

Figure 36 parity plots for the model including humins and fructosides with fixed LA parameters 

As can be seen from the parity plots above, all compounds, including fructose, fit rather well, except for 

MMF and HMF at lower concentrations.  Overall, the model with the kinetic parameters from HMF-LA 

resulted in an r2 of 0.9616 and the model with only the LA kinetic parameters fixed (reaction 4 and -4) did 

little better: r2 = 0.9623, due to better fructose fits. 
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Table 14 r2 values for the model with humins and fructosides 

 
Overall Fructose FA LA LAME MMF HMF MMF+HMF 

fixed HMF-LA 0.9616 0.9307 0.9403 0.9714 0.9771 0.8943 0.7260 0.9837 
fixed LA-LAME 0.9623 0.9361 0.9341 0.9714 0.9770 0.8964 0.7240 0.9833 

 

Also from Table 14 can be seen that all compounds do fit well, except for HMF and MMF. The calculated 

kinetic parameters for this model are shown in Table 15. For reaction 1 the activation energy is a bit 

higher than reported in literature3, namely 65 kJ/mol. For the model with fixed LA-LAME parameters 

reaction 2 is not occurring, because of the low kinetic parameters and activation energies calculated. The 

model with fixed HMF-LA parameters gives a non neglectable reaction rate constant, but activation 

energy is very low. Besides that, the confidence intervals for both are high, making it doubtful if this 

reaction is occurring. The reaction from fructose to humins (reaction 8) is not occurring according to this 

model because a low reaction rate constant and very high activation energy is calculated with high 

confidence interval. 

Table 15 kinetic data for the model with humins and fructosides with Ea in kJ/mol including its 95% confidence intervals 

 Fixed HMF-LA parameters Fixed LA-LAME parameters 

parameter value ± CI value ± CI 

k1 (l/mol.min) 1.38 0.07 1.44 0.07 
Ea1 83.86 5.83 80.10 5.78 
k2 (l2/mol2.min) 0.27 0.30 0.00 0.49 
Ea2 5.94 3.59 31.16 24.00 
k3 (l/mol.min) 44.62 2.98 41.93 3.33 
Ea3 102.72 9.78 76.60 12.51 
k4 (l/mol.min) 41.62 3.36 41.62 3.36 
Ea4 51.32 3.07 51.32 3.07 
k5 (l2/mol2.min) 2.37 0.07 2.13 0.09 
Ea5 107.54 3.11 104.39 3.92 
k6 (l/mol.min) 0.57 0.27 0.19 0.18 
Ea6 135.54 60.96 12.52 6.54 
k7 (l/mol.min) 0.25 0.03 0.26 0.03 
Ea7 91.63 15.40 108.89 12.18 
k_3 (l2/mol2.min) 10.41 1.34 9.11 1.45 
Ea_3 114.94 17.15 69.41 21.31 
k_4 (l2/mol2.min) 1.04 0.31 1.04 0.31 
Ea_4 19.98 9.60 19.98 9.60 
k8 (l/mol.min) 0.03 0.16 0.07 0.12 
Ea8 331.97 708.77 254.19 213.04 
k9 (l/mol.min) 2.59 0.85 2.08 0.51 
Ea9 81.16 37.90 31.02 22.95 
k_9 (l2/mol2.min) 7.09 2.45 6.16 1.80 
Ea_9 68.53 39.08 24.56 24.43 
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Model including the reaction from fructosides to MMF 
In order to be able to compensate for the reversible part of the error in mass balance, the possibility to 

form fructosides was also implemented in this model. Besides that, the reaction from fructosides to MMF 

was also implemented. 

 

Figure 37 Reaction scheme for the model including the reaction from fructosides to MMF 

 

 The model was tested with all kinetic parameters variable, the kinetic parameters from the HMF-LA 

model (reaction 2, 3, -3, 4, -4, 5, 6 and 7) fixed and only the LA kinetic parameters (reaction 4 and -4) 

fixed. The results for both runs with variables fixed did give the best results and these will be discussed 

here. 

For this model the following set of differential equations was used: 

𝑑𝐶𝐹𝑟𝑢𝑐𝑡𝑜𝑠𝑒

𝑑𝑡
=  −𝑘1𝐶𝐹𝑟𝑢𝑐𝑡𝑜𝑠𝑒𝐶𝐻2𝑆𝑂4 − 𝑘8𝐶𝐹𝑟𝑢𝑐𝑡𝑜𝑠𝑒𝐶𝐻2𝑆𝑂4 − 𝑘9𝐶𝐹𝑟𝑢𝑐𝑡𝑜𝑠𝑒𝐶𝐻2𝑆𝑂4

+ 𝑘−9𝐶𝐹𝑟𝑢𝑐𝑡𝑜𝑠𝑖𝑑𝑒𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 

𝑑𝐶𝐻𝑀𝐹

𝑑𝑡
=  𝑘1𝐶𝐹𝑟𝑢𝑐𝑡𝑜𝑠𝑒𝐶𝐻2𝑆𝑂4 − 𝑘2𝐶𝐻𝑀𝐹𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 − 𝑘3𝐶𝐻𝑀𝐹𝐶𝐻2𝑆𝑂4 + 𝑘−3𝐶𝑀𝑀𝐹𝐶𝐻2𝑂𝐶𝐻2𝑆𝑂4

− 𝑘6𝐶𝐻𝑀𝐹𝐶𝐻2𝑆𝑂4 

𝑑𝐶𝑀𝑀𝐹

𝑑𝑡
=   𝑘3𝐶𝐻𝑀𝐹𝐶𝐻2𝑆𝑂4 − 𝑘−3𝐶𝑀𝑀𝐹𝐶𝐻2𝑂𝐶𝐻2𝑆𝑂4 − 𝑘5𝐶𝑀𝑀𝐹𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 − 𝑘7𝐶𝑀𝑀𝐹𝐶𝐻2𝑆𝑂4

+ 𝑘10𝐶𝐹𝑟𝑢𝑐𝑡𝑜𝑠𝑖𝑑𝑒𝐶𝐻2𝑆𝑂4 

𝑑𝐶𝐿𝐴

𝑑𝑡
=  𝑘2𝐶𝐻𝑀𝐹𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 − 𝑘4𝐶𝐿𝐴𝐶𝐻2𝑆𝑂4 + 𝑘−4𝐶𝐿𝐴𝑀𝐸𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 

𝑑𝐶𝐿𝐴𝑀𝐸

𝑑𝑡
=  𝑘5𝐶𝑀𝑀𝐹𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 + 𝑘4𝐶𝐿𝐴𝐶𝐻2𝑆𝑂4 − 𝑘−4𝐶𝐿𝐴𝑀𝐸𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 

𝑑𝐶𝐹𝐴

𝑑𝑡
=  𝑘2𝐶𝐻𝑀𝐹𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 + 𝑘5𝐶𝑀𝑀𝐹𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 
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𝑑𝐶𝐻𝑢𝑚𝑖𝑛

𝑑𝑡
=  𝑘6𝐶𝐻𝑀𝐹𝐶𝐻2𝑆𝑂4 + 𝑘7𝐶𝑀𝑀𝐹𝐶𝐻2𝑆𝑂4 + 𝑘8𝐶𝐻𝑀𝐹𝐶𝐻2𝑆𝑂4 

𝑑𝐶𝐹𝑟𝑢𝑐𝑡𝑜𝑠𝑖𝑑𝑒

𝑑𝑡
=  𝑘9𝐶𝐹𝑟𝑢𝑐𝑡𝑜𝑠𝑒𝐶𝐻2𝑆𝑂4 − 𝑘−9𝐶𝐹𝑟𝑢𝑐𝑡𝑜𝑠𝑖𝑑𝑒𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 − 𝑘10𝐶𝐹𝑟𝑢𝑐𝑡𝑜𝑠𝑖𝑑𝑒𝐶𝐻2𝑆𝑂4 

𝑑𝐶𝑤𝑎𝑡𝑒𝑟

𝑑𝑡
=  3 ∗ 𝑘1𝐶𝐹𝑟𝑢𝑐𝑡𝑜𝑠𝑒𝐶𝐻2𝑆𝑂4 − 𝑘2𝐶𝐻𝑀𝐹𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 + 𝑘4𝐶𝐿𝐴𝐶𝐻2𝑆𝑂4 − 𝑘−4𝐶𝐿𝐴𝑀𝐸𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 +

 𝑘3𝐶𝐻𝑀𝐹𝐶𝐻2𝑆𝑂4 −  𝑘−3𝐶𝑀𝑀𝐹𝐶𝐻2𝑂𝐶𝐻2𝑆𝑂4  − 𝑘5𝐶𝑀𝑀𝐹𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 + 𝑘6𝐶𝐻𝑀𝐹𝐶𝐻2𝑆𝑂4 + 𝑘7𝐶𝑀𝑀𝐹𝐶𝐻2𝑆𝑂4 +

𝑘8𝐶𝐹𝑟𝑢𝑐𝑡𝑜𝑠𝑒𝐶𝐻2𝑆𝑂4 + 𝑘9𝐶𝐹𝑟𝑢𝑐𝑡𝑜𝑠𝑒𝐶𝐻2𝑆𝑂4 − 𝑘−9𝐶𝐹𝑟𝑢𝑐𝑡𝑜𝑠𝑖𝑑𝑒𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 + 3 ∗ 𝑘10𝐶𝐹𝑟𝑢𝑐𝑡𝑜𝑠𝑖𝑑𝑒𝐶𝐻2𝑆𝑂4  

Further the following formula was used to calculate the amount of humins and fructosides: 

[𝐻𝑢𝑚𝑖𝑛]  + [𝐹𝑟𝑢𝑐𝑡𝑜𝑠𝑖𝑑𝑒]  = (1 − 𝑀𝐵) ∗ [𝑠𝑡𝑎𝑟𝑡𝑖𝑛𝑔 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑]0 

A few examples of the prediction of this model are shown in Figure 38 and Figure 39: 

 

Figure 38 example of fit for the model with the reaction from fructosides to MMF and fixed HMF-LA  parameters 

 

Figure 39 example of fit for the model with the reaction from fructosides to MMF and fixed LA-LAME  parameters 

As can be seen, this model results in rather good predictions. This is also confirmed by the parity plots 

shown in Figure 40 and Figure 41: 
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Figure 40 parity plots for the model with the reaction from fructosides to MMF with fixed parameters 

 

Figure 41 parity plots for the model with the reaction from fructosides to MMF with fixed LA-LAME parameters 

Also for this model the fit of HMF is not as good as for the other compounds. Especially in the lower 

concentration region the model does not fit very well. The r2 values are shown in Table 16 and from here 

can be seen that the model with fixed HMF-LA parameters gives a slightly better fit, although the 

differences are not much. 
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Table 16 r2 values for the model with the reaction from fructosides to MMF 

 
Overall Fructose FA LA LAME MMF HMF MMF+HMF 

fixed HMF-LA 0.9677 0.9158 0.9419 0.9718 0.9777 0.9305 0.7243 0.9832 
fixed LA-LAME 0.9667 0.9149 0.9367 0.9718 0.9772 0.9302 0.7193 0.9827 

 

In Table 17 the calculated kinetic parameters for this model are shown. As also seen from the previous 

models, k2 does give weird results. The kinetic parameter is almost zero or the activation energy is very 

low. Both calculated k and Ea parameters show that it is likely that this reaction is (almost) not occurring 

according to this model. Also reaction 9, -9 and 10 show weird results: very high or low activation 

energies, combined with very high confidence intervals.  

Table 17 kinetic data for the model with the reaction from fructosides to MMF with Ea in kJ/mol including its 95% confidence intervals 

 Fixed HMF-LA 
parameters 

Fixed LA-LAME 
parameters 

parameter value ± CI value ± CI 

k1 (l/mol.min) 1.59 0.07 1.54 0.08 
Ea1 79.04 5.07 88.63 6.61 
k2 (l2/mol2.min) 0.27 0.30 0.01 0.40 
Ea2 5.94 3.59 27.56 22.74 
k3 (l/mol.min) 44.62 2.98 41.47 3.24 
Ea3 102.72 9.78 81.83 11.87 
k4 (l/mol.min) 41.62 3.36 41.62 3.36 
Ea4 51.32 3.07 51.32 3.07 
k5 (l2/mol2.min) 2.37 0.07 2.14 0.09 
Ea5 107.54 3.11 101.13 3.59 
k6 (l/mol.min) 0.57 0.27 0.24 0.23 
Ea6 135.54 60.96 41.30 28.00 
k7 (l/mol.min) 0.25 0.03 0.24 0.04 
Ea7 91.63 15.40 111.10 13.69 
k_3 (l2/mol2.min) 10.41 1.34 9.49 1.46 
Ea_3 114.94 17.15 72.59 20.26 
k_4 (l2/mol2.min) 1.04 0.31 1.04 0.31 
Ea_4 19.98 9.60 19.98 9.60 
k8 (l/mol.min) 0.06 0.09 0.04 0.19 
Ea8 238.81 199.73 320.76 641.09 
k9 (l/mol.min) 1.37 0.41 0.62 0.53 
Ea9 8.64 5.97 106.21 100.73 
k_9 (l2/mol2.min) 215.81 74.99 0.92 2.01 
Ea_9 424.65 73.47 2224.60 2746.58 
k10 (l/mol.min) 0.00 0.54 0.81 0.81 
Ea10 396.63 300.93 85.32 95.62 
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Final Model 
It was shown that the implementation of fructosides leads to much better fructose fits. Therefore, the 

final model includes fructosides. The reaction from fructosides to MMF did not make much difference, 

and the confidence intervals for much calculated values were worse. Therefore, this reaction is not 

implemented in the final model. This would make this model the same as the model described before. 

Because in this model the reaction from fructose to humins was neglectable, this reaction was also 

removed from the final model. This results in the model depicted in Figure 42: 

 

Figure 42 reaction scheme for the final model 

The model was tested with the calculated parameters from the HMF-LA model and LA-LAME model fixed. 

The following set of equations was used: 

𝑑𝐶𝐹𝑟𝑢𝑐𝑡𝑜𝑠𝑒

𝑑𝑡
=  −𝑘1𝐶𝐹𝑟𝑢𝑐𝑡𝑜𝑠𝑒𝐶𝐻2𝑆𝑂4 − 𝑘9𝐶𝐹𝑟𝑢𝑐𝑡𝑜𝑠𝑒𝐶𝐻2𝑆𝑂4 + 𝑘−9𝐶𝐹𝑟𝑢𝑐𝑡𝑜𝑠𝑖𝑑𝑒𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 

𝑑𝐶𝐻𝑀𝐹

𝑑𝑡
=  𝑘1𝐶𝐹𝑟𝑢𝑐𝑡𝑜𝑠𝑒𝐶𝐻2𝑆𝑂4 − 𝑘2𝐶𝐻𝑀𝐹𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 − 𝑘3𝐶𝐻𝑀𝐹𝐶𝐻2𝑆𝑂4 + 𝑘−3𝐶𝑀𝑀𝐹𝐶𝐻2𝑂𝐶𝐻2𝑆𝑂4

− 𝑘6𝐶𝐻𝑀𝐹𝐶𝐻2𝑆𝑂4 

𝑑𝐶𝑀𝑀𝐹

𝑑𝑡
=   𝑘3𝐶𝐻𝑀𝐹𝐶𝐻2𝑆𝑂4 − 𝑘−3𝐶𝑀𝑀𝐹𝐶𝐻2𝑂𝐶𝐻2𝑆𝑂4 − 𝑘5𝐶𝑀𝑀𝐹𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 − 𝑘7𝐶𝑀𝑀𝐹𝐶𝐻2𝑆𝑂4 

𝑑𝐶𝐿𝐴

𝑑𝑡
=  𝑘2𝐶𝐻𝑀𝐹𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 − 𝑘4𝐶𝐿𝐴𝐶𝐻2𝑆𝑂4 + 𝑘−4𝐶𝐿𝐴𝑀𝐸𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 

𝑑𝐶𝐿𝐴𝑀𝐸

𝑑𝑡
=  𝑘5𝐶𝑀𝑀𝐹𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 + 𝑘4𝐶𝐿𝐴𝐶𝐻2𝑆𝑂4 − 𝑘−4𝐶𝐿𝐴𝑀𝐸𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 

𝑑𝐶𝐹𝐴

𝑑𝑡
=  𝑘2𝐶𝐻𝑀𝐹𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 + 𝑘5𝐶𝑀𝑀𝐹𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 

𝑑𝐶𝐻𝑢𝑚𝑖𝑛

𝑑𝑡
=  𝑘6𝐶𝐻𝑀𝐹𝐶𝐻2𝑆𝑂4 + 𝑘7𝐶𝑀𝑀𝐹𝐶𝐻2𝑆𝑂4 

𝑑𝐶𝐹𝑟𝑢𝑐𝑡𝑜𝑠𝑖𝑑𝑒

𝑑𝑡
=  𝑘9𝐶𝐹𝑟𝑢𝑐𝑡𝑜𝑠𝑒𝐶𝐻2𝑆𝑂4 − 𝑘−9𝐶𝐹𝑟𝑢𝑐𝑡𝑜𝑠𝑖𝑑𝑒𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 
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𝑑𝐶𝑤𝑎𝑡𝑒𝑟

𝑑𝑡
=  3 ∗ 𝑘1𝐶𝐹𝑟𝑢𝑐𝑡𝑜𝑠𝑒𝐶𝐻2𝑆𝑂4 − 𝑘2𝐶𝐻𝑀𝐹𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 + 𝑘4𝐶𝐿𝐴𝐶𝐻2𝑆𝑂4 − 𝑘−4𝐶𝐿𝐴𝑀𝐸𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 +

 𝑘3𝐶𝐻𝑀𝐹𝐶𝐻2𝑆𝑂4 −  𝑘−3𝐶𝑀𝑀𝐹𝐶𝐻2𝑂𝐶𝐻2𝑆𝑂4  − 𝑘5𝐶𝑀𝑀𝐹𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂 + 𝑘6𝐶𝐻𝑀𝐹𝐶𝐻2𝑆𝑂4 + 𝑘7𝐶𝑀𝑀𝐹𝐶𝐻2𝑆𝑂4 +

 𝑘9𝐶𝐹𝑟𝑢𝑐𝑡𝑜𝑠𝑒𝐶𝐻2𝑆𝑂4 − 𝑘−9𝐶𝐹𝑟𝑢𝑐𝑡𝑜𝑠𝑖𝑑𝑒𝐶𝐻2𝑆𝑂4𝐶𝐻2𝑂  

A few examples of how well these models fit are shown in Figure 43 and Figure 44: 

 

Figure 43 example of fit for the final model with fixed HMF-LA  parameters 

 

Figure 44 example of fit for the final model with fixed LA-LAME parameters 

The model results in good fits as is shown by the pictures above. This is also confirmed by the parity plots 

shown in Figure 45 and Figure 46. The difference between the parity plots is small, but the goodness of fit 

parameters in Table 18 show that the model with fixed LA-LAME parameters fits best. 
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Figure 45 parity plots for the final model with fixed HMF-LA parameters 

 

Figure 46 parity plots for the final model with fixed LA-LAME parameters 

For fructose, LAME and MMF the fits are better with fixed LA-LAME parameters. In general, the fit 

increases slightly by fixing LA-LAME parameters. 
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Table 18 r2 values for the final model 

 
Overall Fructose FA LA LAME MMF HMF MMF+HMF 

fixed HMF-LA 0.9686 0.9460 0.9450 0.9718 0.9779 0.9290 0.7265 0.9832 
Fixed LA-LAME 0.9692 0.9524 0.9406 0.9718 0.9783 0.9315 0.7239 0.9835 

 

Also the confidence intervals for the calculated kinetic parameters are improved, and the kinetic 

parameters give more reasonable results after removing reaction 8 and 10. (see Figure 37) 

Table 19 kinetic data for the model with the reaction from fructosides to MMF with Ea in kJ/mol including its 95% confidence intervals 

 Fixed HMF-LA Fixed LA-LAME 

parameter value ± CI value ± CI 

k1 (l/mol.min) 1.68 0.08 1.81 0.09 
Ea1 83.96 5.57 89.17 5.76 
k2 (l2/mol2.min) 0.27 0.30 0.00 0.29 
Ea2 5.94 3.59 1.50 1.42 
k3 (l/mol.min) 44.62 2.98 44.37 3.27 
Ea3 102.72 9.78 95.43 11.55 
k4 (l/mol.min) 41.62 3.36 41.62 3.36 
Ea4 51.32 3.07 51.32 3.07 
k5 (l2/mol2.min) 2.37 0.07 2.16 0.08 
Ea5 107.54 3.11 101.65 3.53 
k6 (l/mol.min) 0.57 0.27 0.12 0.35 
Ea6 135.54 60.96 360.76 361.92 
k7 (l/mol.min) 0.25 0.03 0.22 0.03 
Ea7 91.63 15.40 74.81 16.29 
k_3 (l2/mol2.min) 10.41 1.34 11.06 1.45 
Ea_3 114.94 17.15 105.75 18.21 
k_4 (l2/mol2.min) 1.04 0.31 1.04 0.31 
Ea_4 19.98 9.60 19.98 9.60 
k9 (l/mol.min) 2.18 0.53 2.63 0.78 
Ea9 59.53 15.77 43.97 19.29 
k_9 (l2/mol2.min) 7.55 1.94 9.60 2.89 
Ea_9 20.30 14.29 16.92 20.92 

 

The calculated reaction rate constants have improved as well, especially reaction 9 and -9 give more 

reasonable results, although the confidence intervals are still rather high.  Reaction 2 gives still weird 

results, which is probably due to the measurement error of HMF/MMF as explained earlier. When fixing 

the LA-LAME parameters, reaction 2 does not seem to occur anymore. This was also tested by removing 

k2 from the model, which resulted in exactly the same fits. Therefore, k2 and Ea2 can be removed from 

the model. 

Reaction 6 does not give accurate results, with confidence intervals higher than the actual values. The 

reason for this is the bad fit of HMF, resulting in inaccurate results (an explanation is given in the next 

section). However, this reaction is occurring because the reaction rate constant is non zero.  
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Comparison of models 
The models shown above can be compared by using the r2 values or AIC as described above. In the 

following two tables the differences will be shown: 

Table 20 r2 values of all models discussed 

model Fixed 
parameters 

Overall Fructose FA LA LAME MMF HMF HMF+M
MF 

without humins HMF-LA 0.9330 0.8369 0.9199 0.9709 0.9520 0.8610 0.6739 0.9821 

No 0.9305 0.8635 0.8996 0.9358 0.9531 0.8488 0.6663 0.9818 

model with humins HMF-LA 0.9583 0.9272 0.9265 0.9663 0.9752 0.8935 0.7074 0.9833 

No 0.9580 0.9212 0.9330 0.9713 0.9757 0.8926 0.7220 0.9835 

with fructosides HMF-LA 0.9616 0.9307 0.9403 0.9714 0.9771 0.8943 0.7260 0.9837 

LA-LAME 0.9623 0.9361 0.9341 0.9714 0.9770 0.8964 0.7240 0.9833 

with reaction from 
fructosides to MMF 

HMF-LA 0.9677 0.9158 0.9419 0.9718 0.9777 0.9305 0.7243 0.9832 

LA-LAME 0.9667 0.9149 0.9367 0.9718 0.9772 0.9302 0.7193 0.9827 

Final Model HMF-LA 0.9686 0.9460 0.9450 0.9718 0.9779 0.9290 0.7265 0.9832 

LA-LAME 0.9692 0.9524 0.9406 0.9718 0.9783 0.9315 0.7239 0.9835 

 

In the table above can be seen that according to the r2 values the final model results in the best fit for 

most of the compounds. It can be seen that MMF and HMF do fit worse than the other compounds. The 

reason for this is the long waiting time for some samples in the queue of the HPLC. During this time, the 

samples are diluted with water which makes the reaction from MMF to HMF favourable. Therefore, HMF 

is predicted lower than the measured value, whereas MMF is most of the times predicted higher. 

Therefore, it is expected that the combined concentrations HMF+MMF fit well, which is the case in all 

models according to the calculated r2 values for HMF+MMF in Table 20. 

Table 21 AIC values for all discussed models 

model Fixed parameters RSS parameters datapoints AIC 

without humins HMF-LA 0.89 14 2988 -24243 
No 0.83 14 2988 -24433 

model with humins HMF-LA 0.48 20 2988 -26056 
No 0.47 20 2988 -26157 

with fructosides HMF-LA 0.44 24 2988 -26314 
LA-LAME 0.43 24 2988 -26380 

with reaction from 
fructosides to MMF 

HMF-LA 0.37 26 2988 -26832 
LA-LAME 0.38 26 2988 -26745 

Final Model HMF-LA 0.36 22 2988 -26915 
LA-LAME 0.35 20 2988 -27011 

 

The data in Table 21 also shows that the final model predicts the experimental data best, with the least 

amount of variables possible. Also here the fixed LA-LAME gets the best AIC score, with 2 variables less 

due to the removal of reaction 2. The only drawback is the inaccurate results of reaction 6, due to HMF 

measurement error as explained above. On average there are 149 datapoints collected for each variable. 
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Fructose vs other ketohexoses 
In order to be able to compare this work with 

previous work done within the group, the 

reactivity of fructose was also compared to 

the reactivity of the other ketohexoses 

psicose, tagatose and sorbose. Only 6 

different experiments have been done at a 

fixed temperature of 100°C to have a quick 

view on how these ketohexoses compare to 

each other regarding reactivity. The structures 

of the four ketohexoses are shown in Figure 

47. The following differential equation was 

used to fit the data: 

𝑑𝐶𝑠𝑢𝑔𝑎𝑟

𝑑𝑡
= −𝑘 ∗ 𝐶𝑠𝑢𝑔𝑎𝑟𝐶𝐻2𝑆𝑂4 

The results are shown in Table 22. 

Table 22 kinetic parameters at 100°C for the four different ketohexose including 95% confidence intervals and r2 values 

 
k (l/mol.min) ±CI  r2 

Psicose 2.615 1.839 0.9672 

Tagatose 1.944 1.002 0.9238 

Sorbose 0.819 0.261 0.9148 

Fructose 1.052 0.177 0.9181 

 

It can be seen that Psicose is the most reactive of the four, followed by Tagatose. Much less reactive are 

Fructose and Sorbose, from which sorbose is the least reactive. The same trend was observed in previous 

work for this reaction in water with tagatose, sorbose and fructose: tagatose does also react almost twice 

as fast as sorbose and fructose in water, although our obtained values for the reaction rate constants are 

higher3. This is probably the result of difference in solvent. 

  

Figure 47 structures of the four ketohexoses 
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Reactor choice 
The aim of this project is to suggest a good reactor type for the dehydration of fructose in methanol. 

Basically, there are 2 reactor types which can be modelled easily, and are the extremes regarding mixing 

behaviour: CSTR (Continuous Stirred Tank Reactor) and PFR (Plug Flow Reactor). To see which type of 

reactor gives the highest yields of HMF/MMF, the final model (LA-LAME fixed) is inserted into the design 

equations of the reactors. The design equations of a CSTR is 𝜙𝑣𝐶 − 𝜙𝑣𝐶𝑖𝑛 =  −𝑉 ∗ 𝑟. With the residence 

time 𝜏 =
𝑉

𝜙𝑣
 this rearranges into 

1

𝜏
(𝐶𝑖𝑛 − 𝐶) + 𝑟 = 0, in which r = the set of equations as shown in the 

final model. This set of equations was solved for values 0 ≤ 𝜏 ≤ 80 min, using the function fsolve in 

matlab.  

For PFR’s the design equation is 
𝑑𝐶∗𝜙𝑣

𝑑𝑉
= 𝑟. With the residence time 𝜏 =

𝑉

𝜙𝑣
 this rearranges into 

𝑑𝐶

𝑑𝜏
= 𝑟. 

This set of equations was solved with the ode23s function in matlab for 0 ≤ 𝜏 ≤ 80 min. For both tests, 

the initial fructose concentration was kept at 0.5 M and the sulfuric acid concentration at 32 mM. The 

concentration vs residence time profiles at 100 and 120°C are shown in Figure 48 and Figure 49. Only 

fructose, MMF, HMF and Humins are displayed for clarity. 

 

Figure 48 difference between PFR and CSTR at 100°C with [fructose]0 = 0.5 M and [H2SO4] = 32 mM 
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Figure 49 difference between PFR and CSTR at 120°C with [fructose]0 = 0.5 M and [H2SO4] = 32 mM 

The compounds of interest in this case are MMF and HMF. Therefore, the concentrations of these must 

be maximized. For clarity, a graph for each reactor and temperature is shown in Figure 50: 

 

Figure 50 concentration - residence time for HMF+MMF 

It is clear that the PFR operated at 100°C gives the highest total yield of HMF and MMF.  At 40 minutes 

residence time the maximum yield HMF+MMF is  
0.176 𝑀

0.5 𝑀
= 35.2%. Lower temperatures are favourable for 

obtaining higher concentrations HMF+MMF, as was expected because the activation energies of the side 

reactions are higher than the activation energies for the reactions towards products. This effect was also 

seen during the experiments: reactions at higher temperatures yielded more humins than reactions at 

lower temperatures.  
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Figure 51 Concentration - residence time profile for a PFR operated at 100°C with [fructose]0 = 0.5 M and [H2SO4] = 32 mM 

In Figure 51 the concentration – residence time profile is shown for a PFR operated at 100°C with 32 mM 

H2SO4. At approximately 40 minutes residence time the concentration of MMF and HMF are at their 

maximum value.  The actual concentrations of each compound at 40 minutes residence time are shown in 

Table 23: 

Table 23 concentrations of all compounds after 40 minutes residence time 
 in a PFR operated at 100°C with [fructose]0 = 0.5 M and [H2SO4] = 32 mM 

The conversion of fructose is after 40 minutes 

residence time 64.9%. The yield of MMF and 

HMF combined is 45%, and the yield of 

humins is only 3.1%. This means that 69.4% of 

the reacted fructose is converted to HMF or 

MMF.  

In order to get higher concentrations HMF and 

MMF, the temperature could be lowered, but 

this must be tested first to see if the model 

does still fit at temperatures lower than 

100°C. To speed up the reaction, the concentration acid could be increased. This should not alter the 

amount of HMF and MMF formed according to the model presented here, because all reactions are 

assumed to be first order in acid. Also increasing the acid concentration should be tested first to see if the 

model predicts good outside the range used for experiments. 
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Fructose 0.175 64.9% 

FA 0.092 18.3% 

LA 0.003 0.6% 

LAME 0.089 17.8% 

MMF 0.136 27.3% 

HMF 0.040 8.0% 

Humins 0.015 3.1% 

Fructoside 0.041 8.3% 
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Discussion 
The model which fits the data best is the model including fructoside without a direct reaction from 

fructose to humins.  When only fixing the kinetic data from the LA-LAME model the best fit is obtained. In 

Table 19 the kinetic parameters are summarized and it becomes clear that reaction 2 (from HMF to LA 

and FA) is also not occurring. This was also tested manually by removing this reaction from the model, 

which resulted in the same r2 value of 0.9692 and an AIC value of -27011. Other researchers studied this 

reaction in water/methanol mixtures and observed that the reaction rate is lowered at higher methanol 

concentrations34. Although they did not study the reaction at 100% methanol, it is reasonable to assume 

that this reaction does not occur in pure methanol. 

For reaction 1 (Fructose to HMF) a reaction rate constant of 1.81 l/mol.min (at 110°C) was calculated 

with an activation energy of 89 kJ/mole. In literature slightly lower values are reported for this 

reaction in methanol3, namely k = 1.128 l/mol.min (at 110°C) and Ea = 65 kJ/mol, but these are still in the 

same range. For the reaction in other solvents the results are different, as was expected. The activation 

energies reported in literature are depicted in Figure 52. In general the activation energies reported for 

other solvents is higher: 

 

Figure 52 activation energies for the reaction from fructose to HMF as reported in literature3,12,14–16 

The activation energy for the reaction from HMF to humins (reaction 6) was calculated at 360 kJ/mol, 

which is a very high value for this reaction. However, this value is not very accurate because its confidence 

interval is also high. Therefore, in literature different values were found (for different solvents) as shown 

in Figure 53: 
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Figure 53 activation energies for the reaction from fructose to HMF as reported in other literature12,14,18–20,23 

For the reaction from MMF to humins not much data is available, but the calculated value of 75 kJ/mol is 

in the same range as the data found for the reaction from HMF to humins. Although this reaction is 

slightly different, the activation energies should be comparable because the reactions are comparable 

(both condensation reactions, with approximately the same compounds).  

Further the equilibrium between fructose and fructosides gives rather low values for the activation 

energies involved. For the forward reaction 44 kJ/mole and for the reverse reaction 17 kJ/mole was 

calculated. For the reaction from fructoside to fructose an activation energy of 123.1 kJ/mole was 

reported for the reaction in water catalysed by HCl35. The huge difference between our calculated data 

and the data found in literature is probably due to the calculation of the amount of fructoside from the 

mass balance and not by measurement, which does also explain why the confidence intervals are high.  

The HMF fit at low concentrations is not very good and the MMF fit shows a lot of spreading.  The reason 

for this is, as explained earlier, the long waiting times in the queue of the HPLC. To avoid these problems, 

the queue should be cooled or another analysis method should be used. However, the sum of HMF and 

MMF gives and r2 value of 0.9835, which is good. 

In Table 3 the results of some papers are summarized, which reveal that in general the reactions towards 

humins have higher activation energies than the reactions towards HMF or LA/FA, which is also found in 

our model. 

The small test with the other ketohexoses was in line with the results shown in literature for water. 

Although the results found in literature show lower reaction rate constants, it was also there found that 

tagatose reacts approximately twice as fast as sorbose and fructose.  

The best reactor configuration was found to be a PFR operated at 100°C and 32 mM H2SO4. At low 

temperatures the yield of HMF and MMF was the highest, which was expected because of the lower 

activation energies for the main reactions compared to the activation energies for the side reactions. 

Because the yield of HMF and MMF does improve at lower temperatures, it is interesting to do a few tests 

to see if the model predicts good at low temperatures as well. Because the reaction will slow down at 

lower temperatures, it is also interesting to see what the effect of acid at higher concentrations is to 

speed up the reaction.  
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Conclusion 
A model for the dehydration of fructose in methanol was proposed based on the work of van Putten. The 

modifications made to his model are the incorporation of humins (which are formed in a condensation 

reaction from HMF and MMF) and the reversible formation of fructosides from fructose. In this way it is 

possible to correct for the mass balance deficiency. It was observed that the reaction from HMF to LA and 

FA is not occurring under the conditions used. The model contains 20 parameters (10 reactions, reaction 

rate constants and activation energies) and has an overall fit r2 = 0.9692. All compounds fit rather well, 

except for HMF (and MMF). The reason for this is the long waiting time in the queue of the HPLC which 

caused MMF to react to HMF. However, the combined concentration HMF+MMF does give a good fit of r2 

= 0.9835. 

The optimal reactor configuration for the dehydration of fructose in methanol, based on the calculated 

model, is found to be a PFR operated at 100°C and 32 mM H2SO4. With a residence time of 40 min, this 

resulted in a conversion of 64.9% and a combined yield of HMF and MMF of 45%.  

In addition, the reactivities at 100°C of fructose, sorbose, tagatose and psicose in methanol were 

compared. From these experiments became clear that psicose and tagatose react almost twice as fast as 

fructose and sorbose, which was also found by other research. 
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Appendix I: table of all experiments conducted 
Exp no Starting Compound conc (M) Acid Conc (M) Temp (°C) 

2 Fructose 0.1018 0.0160 120 

3 Fructose 0.1018 0.0080 120 

4 Fructose 0.1018 0.0320 120 

5 Fructose 0.2018 0.0080 120 

6 Fructose 0.2018 0.0160 120 

7 Fructose 0.2018 0.0320 120 

8 Fructose 0.2018 0.0160 120 

9 Fructose 0.1018 0.0080 120 

10 Fructose 0.2018 0.0320 120 

11 Fructose 0.1018 0.0080 100 

12 Fructose 0.2018 0.0320 100 

13 Fructose 0.1018 0.0160 100 

14 Fructose 0.1018 0.0320 100 

15 Fructose 0.2018 0.0080 100 

16 Fructose 0.2018 0.0160 100 

17 Fructose 0.0994 0.0160 100 

18 Fructose 0.0994 0.0320 100 

19 Fructose 0.1988 0.0080 100 

20 Fructose 0.0994 0.0080 100 

21 HMF 0.0983 0.0081 100 

22 HMF 0.1965 0.0081 100 

23 HMF 0.0983 0.0161 100 

24 HMF 0.1965 0.0161 100 

25 HMF 0.0983 0.0323 100 

26 HMF 0.1965 0.0323 100 

27 HMF 0.0983 0.0040 120 

28 HMF 0.1965 0.0040 120 

29 HMF 0.0983 0.0081 120 

30 HMF 0.1965 0.0081 120 

31 HMF 0.0992 0.0161 120 

32 HMF 0.1983 0.0161 120 

33 HMF 0.0992 0.0040 120 

34 HMF 0.1983 0.0081 120 

35 HMF 0.0953 0.0078 120 

36 HMF 0.1836 0.0149 120 

37 HMF 0.0992 0.0161 100 

38 HMF 0.1983 0.0081 100 

39 HMF 0.0992 0.0323 100 

40 HMF 0.1983 0.0323 100 

41 MMF 0.1998 0.0081 120 

42 MMF 0.0999 0.0081 120 

43 MMF 0.0999 0.0161 120 
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44 MMF 0.1998 0.0161 120 

45 MMF 0.0999 0.0323 120 

46 MMF 0.1998 0.0323 120 

47 MMF 0.0999 0.0081 100 

48 MMF 0.1998 0.0081 100 

49 MMF 0.0999 0.0161 100 

50 MMF 0.1998 0.0161 100 

51 MMF 0.0999 0.0323 100 

52 MMF 0.1998 0.0323 100 

53 MMF 0.0999 0.0161 100 

55 MMF 0.0999 0.0081 100 

56 MMF 0.1998 0.0161 100 

57 MMF 0.0999 0.0161 120 

58 MMF 0.1998 0.0081 120 

59 MMF 0.0999 0.0082 120 

60 MMF 0.1998 0.0326 120 

61 LA 0.1371 0.0082 120 

62 LA 0.2741 0.0082 120 

63 LA 0.5482 0.0000 120 

64 LA 0.5044 0.0082 120 

65 LA 0.5044 0.0082 100 

66 LA 0.4605 0.0163 100 

67 Psicose 0.1016 0.0082 100 

68 Psicose 0.1009 0.0163 100 

69 Tagatose 0.1016 0.0082 100 

70 Tagatose 0.1016 0.0163 100 

71 Psicose 0.1016 0.0082 100 

72 Psicose 0.1009 0.0163 100 

73 Tagatose 0.1016 0.0082 100 

74 Tagatose 0.1016 0.0163 100 

75 Sorbose 0.1017 0.0078 100 

76 Sorbose 0.1017 0.0159 100 

77 Sorbose 0.1017 0.0078 100 

78 Sorbose 0.1017 0.0159 100 

79 LA 0.2015 0.0080 80 

80 LA 0.4031 0.0080 80 

81 LA 0.2015 0.0161 80 

82 LA 0.4031 0.0161 80 

83 LA 0.2015 0.0080 80 

84 LA 0.4031 0.0080 80 

85 LA 0.2015 0.0161 80 

86 LA 0.4031 0.0161 80 

 


